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Abstract

Scanning ion conductance microscopy (SICM), an electrochemical scanning probe

microscopy (SPM), has been used for the first time to generate topographical images

of reservoir rock analogues for oil and gas recovery applications. Validation of these

images was provided by low-vacuum scanning electron microscopy (SEM) and atomic

force microscopy (AFM). Low-vacuum SEM micrographs provided the wider field of

view required to understand the context of the smaller SICM images, in addition to

showcasing the heterogeneity of these materials. Ketton, Estaillades and Indiana,

three carbonate outcrop rocks, were found to have six, four and five distinct surface

types respectively. These classifications provided an invaluable framework for the

SICM validation in this work. AFM has previously provided maps of outcrop rocks

in the literature, and as such was utilised here to provide a comparison of feature

heights for validation of the SICM images. It was ultimately concluded that SICM

was a better-suited SPM than AFM for these materials, due to the slower scan

speeds, greater hop heights and longer probes.

SICM was also found to be a suitable tool for the mapping of materials which

had been exposed to crude oil, despite the images being less well-resolved than for

the unaltered surfaces. The blurring present in these images is proposed to be the
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result of partial crude oil removal by the electrolyte, however the feature shapes and

sizes were aligned with what was observed in the low-vacuum SEM micrographs, so

were deemed to be a success.

There is potential for surface charge mapping on the SICM to provide added

value to oil and gas recovery research; preliminary topographical mapping work

towards surface charge mapping of outcrop rocks in both aqueous and organic sol-

vents is presented, along with considerations for future work with additives to probe

condition-dependant surface charge behaviours.
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Chapter 1

Introduction

1.1 Motivation and context

Recent progressions have moved the world towards more renewable energies, but oil

and gas still remain the world’s largest sources of primary energy, providing a total

of 57.3 % of the global demand in 2019, with oil being the largest single source at

33.1 %.1 To continue to meet this demand, whilst spreading out the environmental

and financial costs of drilling into new areas, it is necessary to more efficiently utilise

sub-surface resources and obtain high recovery yields.

1.1.1 Oil and Gas Extraction Processes

Primary oil recoveries from oil reservoirs will typically yield between 10 - 20 % of

the original oil content of a reservoir, or oil initially in place (OIIP), which is fur-

ther increased through secondary and tertiary recovery stages to up to 60 - 70 % of

the OIIP.2 The initial phase will typically make use of the natural gas pressure in

39



the reservoir to extract the first batch of oil, and will typically be the stage with

highest production rate.3 The subsequent stages, and on occasion, even the primary

stage, will employ enhanced oil recovery (EOR) strategies to deliver the increased

yield of 60 - 70 % of the OIIP, which can range in type from chemical or microbial

additives, to thermal and miscible gas injection projects.2,4,5 A diagram of a typical

arrangement for a section of a reservoir employing EOR is shown in Figure 1.1; here

two wells are depicted, an Injection Well and a Production Well. The Injection

Well injects fluid down into the oil reservoir, which is then continuously pushed

through the reservoir, in the direction of the arrows, using the pressure of further

injections until it reaches the Production Well, where it can be extracted. These

wells are usually spaced 200 - 300 m apart for optimal pressure and thus recovery

yields.6,7 The Injected Fluid in this diagram can represent any of the EOR injec-

tions mentioned above.2,4,5,8 In some EOR techniques, multiple fronts of fluid will

be injected, e.g. a polymer-containing solution may be followed by a water front,

under which circumstances there would be multiple bands within the faded section

of the diagram, all pushing the crude oil towards the Production Well.8,9 The most

effective EOR technology to use for a particular reservoir will depend on numer-

ous considerations such as the composition of the crude oil, the tortuosity of the

pore network and the chemical composition of the porous rock in which it sits.10

Constructing reliable numerical models which take these factors into account, and

obtaining accurate physical and chemical information from reservoirs as inputs for

these models, is therefore of key importance to best utilise our available reservoirs.

Improving the modelling of oil reservoir behaviour for the progression of EOR
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Figure 1.1: Diagram of the typical set up for enhanced oil recovery
A diagram of the set up of a typical oil reservoir set up for enhanced oil recovery. EOR
fluids are injected via the Injection Well to push crude oil through the reservoir along the
direction of the arrows, so that it can be extracted at the Production Well. Drawn with

inspiration from Ahmadi et al..8

technology through improved understanding of these systems has the direct con-

sequence of improving carbon capture and storage (CCS) technology in spent oil

reservoirs. An increased understanding of fluid flow in oil reservoirs, and new charac-

terisation methods with which to probe them, would not only allow for an improved

understanding of CCS behaviour, but by removing more crude oil from reservoirs

there will also be a greater available volume for CCS once oil extraction has ceased.

1.1.2 Special Core Analysis

Special core analysis (SCAL) is currently the standard characterisation workflow

used for obtaining the required input properties, such as remaining oil saturations

and relative permeabilities, for numerical simulations of different EOR scenarios.11,12

It is however not without its shortcomings; one of the more important of these being

that SCAL can take over a year to complete, and as such oil extraction processes have

often commenced before SCAL results have been collected or analysed.12 As SCAL

is predominantly required for EOR, and EOR is used only once initial oil extraction
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process yields are in decline, this is not of immediate importance.2 However, under-

standing the infrastructural and financial requirements of the EOR technique(s) a

reservoir will ultimately require prior to commencing any extraction would be of sig-

nificant commercial benefit. McPhee also argued in 2012 that up to 70 % of SCAL

data at the time of publishing should be deemed unusable due to inconsistencies in

experimental design and interpretation, and inadequate assessment of the sensitiv-

ity of certain rock properties to small changes in methodology.13 Looking into new

characterisation methods for determining key system properties is therefore of inter-

est, primarily due to the clear need for faster results, but also due to the questions

around SCAL’s consistency.

1.1.3 Wettability

The term “wettability” is used in petrophysics to describe whether a system of

interest is more hydrophylic or hydrophobic, often described as “water-wet” or “oil-

wet” respectively. The established way of determining whether a system is water-wet

or oil-wet is to look at the contact angle of a water or oil droplet on the surface of

interest in the presence of the other immiscible fluid.14–16 As described in Figure 1.2,

which is re-drawn from Schön, if the contact angle of a water droplet on a surface

in the presence of oil is < 90 ◦, then the rock is said to be water-wet, whereas if this

contact angle exceeds 90◦, then the rock is said to be oil-wet.15

Contact angles of immiscible fluids on rock surfaces are typically measured us-

ing optical tensiometers.17–19 However, recent progressions have seen contact an-

gles being determined microscopically and in situ from micro–computed tomog-
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Figure 1.2: Wettability determination from a contact angle measurement
A diagram of how wettability is determined from a contact angle measurement. A water
droplet on a rock surface surrounded by oil will have a θ < 90◦ if the surface is water-wet

and a θ > 90◦ if the surface is oil-wet. Redrawn from reference 15.

raphy (micro-CT) images by Andrew et al. (2014) and subsequently automated by

Scanziani et al. (2017).20,21 Contact angles have also been measured at the nanoscale

using atomic force microscopy (AFM) by Savulescu et al. (2021),22 and predicted

with molecular dynamics simulations of fluids on solid surfaces re-constructed from

AFM images by Zheng et al. (2020).23

Although measuring the contact angle is a relatively simple way of determining

the wettability of a surface, this contact angle is itself impacted by a number of

factors. Some of the more obvious factors are the chemical compositions and oxida-

tion states of any of the three phases: the water, crude oil and rock surface. These

chemical properties will have a direct impact on the surface charges and thus how

the fluid and solid phases interact; the hydrocarbon composition of crude oils varies

from reservoir to reservoir, the water phase can have a range of salt or polymer

surfactant concentrations and pHs, and of course the reservoir rock can contain a

range of minerals. Physical factors such as the roughness or topography of the pore

walls will also have a sizeable impact on the wettability of a rock, which is the core

focus of this thesis.
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1.1.4 Digital Rock

Digital rock, or digital rock physics, are terms used to describe the numerical mod-

elling of pore-scale fluid flow processes in porous rock, typically for oil extraction

applicatons.12 The results from these models can be fed into SCAL in lieu of ex-

perimental results, as they can be generated much faster; if reliable, this would

save a considerable amount of time.24,25 The process does not however have to

exclude experimental results altogether; pore network modelling (PNM), a com-

monly used numerical method for digital rock, will often use pore network systems

reconstructed from experimental imaging results, such as 3D images obtained via

micro-CT; a good example of which is presented by Bultreys et al. (2016).10,12,26,27.

More recently, Tembely et al. (2021) developed a workflow for the estimation of the

permeability of a core, a key SCAL input, by using machine learning to look at

micro-CT images.25 These models are however not yet fully able to predict the be-

haviour of two-phase fluid flow through these complex networks when compared to

experimental results. The digital rock workflow therefore, in addition to advance-

ments in our understanding of the fundamental physics governing these systems,

requires advances in characterisation techniques such as micro-CT and opens up the

potential for the integration of new ones. These new techniques would not necessar-

ily be used instead of micro-CT, but alongside it, to create a multi-model workflow

for digital rock. As previously mentioned, the wettability of a surface is not purely

determined by the topography of the surface or pore structure, and so accurately

predicting fluid flow through these rocks requires more than geometrical inputs. As

such, in a multi-model workflow, experimental techniques providing additional in-
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formation such as chemical composition or surface charge distribution would add

to the structural information provided by micro-CT, and could in turn improve the

accuracy of PNM simulations.

The project described in this thesis was carried out under the the wider Shell

Digital Rocks Programme (SDRP) funded by Shell Global Solutions International

BV, in collaboration with Imperial College London, the University of Cambridge

and Rice University. The SDRP sought to address all aspects of the digital rock

workflow, with projects ranging in focus from the pore-scale to the nanoscale in

both modelling and experimental work. All results collected could therefore later

be fed upwards into PNM, with the aim to improve their predictions of reservoir

behaviour. In this project specifically, a range of microscopies were used to map

carbonate and sandstone rocks, among other samples, at the nanoscale. The focus

was to establish the novel use of scanning ion conductance microscopy (SICM),

an electrochemical scanning probe microscopy (SPM), for use in this application.

This technique was used alongside the more widely established AFM and scanning

electron microscopy (SEM), which both provided verification for the SICM images

whilst yielding interesting results in themselves.
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1.2 Scanning Ion Conductance Microscopy

SICM is an electrochemical SPM which was first reported in 1989 by Hansma et al.

to provide a means to map the topography of delicate and non-conductive samples,

such as living cells, as the sharp probe itself does not come into contact with the

sample being investigated.28 Since its invention, SICM has been used for numerous

biological applications,29–35 as well as a handful of studies in materials and chemistry

applications, such as the visualisation of how a catalyst or battery electrode surface

can alter with use.36–39

1.2.1 SICM setup

A typical SICM setup (Figure 1.3) will involve the sample surface of interest be-

ing immersed in an electrolyte, along with two quasi-reference counter electrodes

(QRCEs), typically both Ag/AgCl, which are held at a constant bias, instead

of the more traditional three-electrode setup used in most electrochemical exper-

iments.40–43 The move towards two-electrode setups in nano-electrochemical exper-

iments in general has arisen from a need to keep the setups small when measuring

nanoscale phenomena.42 QRCEs fulfill this need for smaller setups, as traditional

reference electrodes (RE) are bulky and require to be set up adjacent to the ex-

periment, and counter electrodes (CE) should ideally be placed further away from

the working electrode (WE) than nano-electrochemical experiments can accommo-

date.43 The use of two QRCEs instead of the typical WE/RE/CE setup has therefore

been widely reported in the literature in SICM experiments.41,43,44 QRCE setups are

not stable for as long as thermodynamic electrode setups, however the time-frame
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of QRCE stability is sufficient for the typical duration of a set of experiments on

the SICM; the Ag/AgCl electrodes used in the experiments described in this thesis

have been shown to be suitable due to the low currents in nano-electrochemical ex-

periments, and have been shown to be stable over many hours of measurements.42,43

As such, there is a clear net benefit of using QCREs in nano-electrochemical exper-

iments such as SICM imaging.

Figure 1.3: A representation of a typical SICM set up.
The typical configuration of an SICM set up; the sample sits within a petri dish, fully

immersed in an electrolyte. The probe, a QRCE fitted within a nanopipette sits
perpendicular to the sample, above it in solution, with the second QRCE sitting free in

solution. Drawn with inspiration from reference 40.

One of the two QRCEs in solution above the sample is fitted inside of a nanopipette,

which is also filled with electrolyte, with an opening diameter on the order of tens

of nm, so that all ion flow between the two electrodes must pass via this narrow

opening; this forms the probe.29,40,45 This nanopipette probe sits perpendicular to

the sample surface, its exact position in x, y and z typically being controlled with
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piezo actuators. The surface is detected by allowing the probe to slowly approach the

sample surface, until a current drop of around 1 % takes place.40,46 This current drop

is the consequence of the nanopipette being close enough to the surface such that

the surface itself impedes the flow of ions into the nanopipette. The exact distance

required between the nanopipette and the surface to achieve this current reduction

is dependent on the size of the nanopipette opening and electrolyte concentration.46

1.2.2 Tip-sample distance approximation

Rheinlaender and Schäffer recently developed a new model for estimating approach

curves, and as such the tip-sample distance at the end of an approach, by looking

at the approach curves for a range of pipette sizes, and demonstrated it to be an

improvement on previous models.46–48 The current measured, I(d), at a given tip-

sample distance, d, during approach was shown to be related to the resistance inside

the nanopipette, RP , and the access resistance of the nanopipette opening Ra by

equation 1.1:46

I(d) =
V0

RP +R
(r0/ri)
a (d)

=
RP +R

(r0/ri)
a (d → ∞)

RP +R
(r0/ri)
a (d)

I0 (1.1)

where V0 is the applied bias, Ra is a function of r0/ri, the ratio between the outer,

r0, and inner, ri, radii of the nanopipette tip opening (see Figure 1.4), and the tip-

sample distance, and where I0 is the saturation current when d → ∞. Rheinlaender

and Schäffer showed that the other sources of resistances in the system such as the

electrodes and wires could be neglected whilst still showing a good fit with the ex-

perimental data.46 To determine I(d) from equation 1.1, experimentally determined
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Ra values were used, and RP was calculated using equation 1.2, originally from Nitz

et al.:46,47

RP =
1

πσri tanα
(1.2)

where σ is the electrolyte conductivity and α is the pipette cone angle (Figure 1.4).

The implications of this model are that, for what Rheinlaender and Schäffer describe

as a typical SICM nanopipette with a r0/ri ≈ 1.5 and an α ≈ 3◦, when d ≈ 10ri,

d ≈ 1ri and d ≈ 0.1ri, the observed ion current drop is 0.1, 1 and 10 % respectively.

So, for a typical scan described in this thesis, assuming that the nanopipettes have

an α around 3◦, where the detection threshold is set to 1 %, with ri ≈ 15 nm, it is

expected that d ≈ 15 nm.46

Figure 1.4: Diagram of a nanopipette tip
A representation of the nanopipette tip, with labels for the pipette cone angle, α, the

outer radius, r0, and inner radius, ri, of the nanopipette tip opening as used in equations
1.1 and 1.2. Redrawn from reference 46.

1.2.3 Topographical mapping

In order to collect an image using the SICM set up, multiple scanning modes have

been developed to suit different morphologies and scan time requirements, with a

particular focus in recent years towards developing faster scan times.40,49–53 The
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push towards faster scan times is driven by SICM imaging being slow in comparison

to other SPMs; generating an image of 80 × 80 or 100 × 100 points can take

1 - 2 hours depending on the sample’s roughness, which does not allow for many

maps to be captured during a working day, particularly when lost time from probe

blockages and crashes are taken into account. When compared to AFM mapping,

which can take closer to 5 - 10 minutes per scan, it is clear that the longer time

requirements for SICM mapping need to be addressed before widespread adoption

of the technique will occur. Some of the key progressions in SICM scanning modes

are discussed below, but this is far from an exhaustive list.

1.2.3.1 Non-modulated mode

The original method of scanning the surface, as described in Hansma et al.’s paper,

saw the pipette being brought sufficiently close to the sample surface in order to

observe a reduction in current, and then scanned in x and y, whilst the z position was

adjusted in order to maintain a constant current signal, and thus a constant distance

from the surface.28 The z positions required at the different x and y coordinates were

recorded, and from this a topographical map constructed.28 This mode is now often

referred to as non-modulated or DC feedback mode.40,50,51

Non-modulated mode is however not without its limitations; most notably, all

changes in measured current during a scan are attributed to a change in surface

feature height, and there is no way to distinguish these from changes caused by

local pockets of higher or lower ion strength or DC drift.40 Additionally, as the tip

is being moved across the surface and only changing height in response to current

changes, sudden changes in surface feature height may not be detected in time,
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causing the tip to crash into the sample. Due to the tip’s fragility, this type of crash

will normally cause the the nanopipette to break, requiring it to be replaced before

imaging can resume.40,49 Crashes can also cause damage to certain samples, and so

these incidents should be minimised where possible.

1.2.3.2 Distance-modulated mode

To address some of the issues posed by non-modulated mode, distance-modulated

mode was first developed in 2001 by Shevchuk et al..50 Distance-modulated, or AC

feedback mode uses a small oscillation of the nanopipette tip close to the sample

surface during a scan to generate an oscillating current feedback. This oscillation

in the current can be used to differentiate erroneous sources of current change, such

as DC drift or small pockets of different ion strength, from those caused by the

changing topography of the sample, as they will be out of phase with the oscillation,

and those caused by the topography will be in phase.40,50 In a DC feedback mode

scan therefore, any changes which are out of phase with the oscillation are ignored

by the feedback loop and do not affect the nanopipette position.40

1.2.3.3 Hopping mode

Hopping mode was developed by Novak et al. in 2009 in an attempt to solve the

problem of how to map rougher surfaces with large and more immediate changes

in height.49 In this mode an individual z-approach is made for each point in the

x,y grid, halting when the measured current drops by a pre-defined percentage,

typically around 1 %. Once this detection threshold has been met, the z-position is

recorded and the nanopipette retracted, before moving to the next x,y position.49 A
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timeline of how the nanopipette position in z and the measured ion current change

during the course of a scan is shown in Figure 1.5 below. Although much slower

than the non-modulated and distance modulated modes, as the nanopipette must

be constantly retracting from and approaching the surface, this method allows for

the imaging of surfaces with relatively steep surface features; features that the tip

would normally crash into the side of in scanning modes such as non-modulated or

distance-modulated mode where the pipette tip remains close to the surface, and

has gained popularity in the literature, particularly for commercial systems.33,54,55

Figure 1.5: Hopping mode
A timeline of the nanopipette position and ion current during a hopping mode scan.

Drawn with inspiration from reference 29.

Given the roughness of the outcrop rocks studied in this thesis, hopping mode

was deemed to be the best choice for performing topographical measurements on

the SICM. This choice came at the expense of time per image, each image typically

taking 1 - 2 hours to capture, compared to the 10 - 20 minutes expected of non-

modulated and distance-modulated modes. However, when taking into account the

time that would be lost to failed measurements caused by pipette crashes if distance-

modulated or non-modulated modes were used, this choice was ultimately expected

to yield better results.
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1.2.3.4 Resolution limits of SICM

There is some debate in the literature as to the absolute lateral resolution limit of

SICM with respect to probe size.49,56–58 Generally, reports on computational mod-

elling predict lower resolution limits than reports on experimental work which have

investigated practical resolution limits. Finite element modelling (FEM) simula-

tions performed by Rheinlaender and Schäffer in 2009 and Del Linz et al. in 2014

both predicted in the range of 2ri - 3ri as the lateral resolution limit for SICM.56,57

However, experimental contemporaries such as Novak et al. in 2009 and Weber and

Baker in 2014 both reported resolutions down to 0.5ri from their experimental work,

which were carried out in hopping and distanced modulated modes respectively.49,58

Although experimental resolutions have been reported as low as 0.5ri, it was

decided that for the purpose of the experiments reported in this thesis, the predicted

value of 2ri was treated as the accepted resolution limit for each nanopipette, to allow

for any errors in characterisation, and to ensure that no artifacts were introduced

into the images due to overlapping pixel information.49,58 The nanopipettes used in

this work had an ri in the range of 10 - 20 nm, so individual pixel information was

typically gathered at points 25 - 100 nm apart; see Chapter 2: Methods, page 84

for further information. This approach was selected to minimise the risk of having

overlapping information in adjacent pixels whilst also seeking to image the samples

at the highest possible resolution.
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1.2.4 Surface charge mapping

When a topographical map is recorded using SICM, a high ionic strength electrolyte

is used, such as 0.1 M KCl(aq), to ensure that the diffuse double layer (DDL) at the

sample surface does not extend far enough into solution to interfere with the mea-

surement.59 This can however be looked at in a different way; in order to probe the

DDL, and thereby visualise the impact of local sample surface charge distributions

on the surrounding electrolyte, a lower ionic strength solution, such as 0.01 - 0.05 M

KCl(aq), can be used, as the DDL will extend sufficiently far into solution to be

probed with the nanopipette.29,59 SICM can therefore be employed to observe local

surface charge distributions in addition to providing nanoscale topographical maps.

1.2.4.1 Distance-modulated mode for surface charge

A number of methods have been reported to successfully estimate local surface

charges using SICM; the first of which being reported by McKelvey et al. in 2014,

where they described how the distance-modulated mode could be utilised to also

record a current response from local surface charge effects.29,41,59,60 It was found that

the phase shift between the oscillation of the nanopipette and the AC current itself

was related to the surface charge on the sample locally to the nanopipette, and the

applied bias. By mapping the phase of ion current with respect to the nanopipette

oscillation, a heat map of differently charged regions could be generated.59 Addi-

tionally, when a negatively charged surface is approached by a nanopipette held at

a negative bias, or for a positive surface and positive bias, the measured ion current

will increase when the probe in close proximity to the surface, due to interactions
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between the DDL at the sample surface and the DDL at the probe tip. Although

McKelvey et al. did not present a means to deliver a quantitative map of surface

charge, this was indeed a leap to show that positive and negative surfaces could be

identified using SICM, and map their qualitative charge distributions simultaneously

to topographical mapping.59

1.2.4.2 Hopping mode for surface charge

More recently, in 2016, Page et al. demonstrated how a hopping mode scan for to-

pographical mapping could be adapted to include bias pulses to probe the surface

charge local to the probe, which they named pulsed-potential SICM.29 This adap-

tation features two identical pulses of the bias which are different to the approach

bias. These two pulses happen at the top and the bottom of the hopping regime,

the x, y and z-movement being paused during these pulses, and the electrolyte ionic

strength is chosen such that the bias pulse at the bottom of the hop is inside of

the DDL, and the bias pulse at the retracted position is outside of the DDL, based

on FEM simulations prior to imaging.29 Figure 1.6 describes how the z-position,

ion current and bias can change over time in a pulsed-potential SICM scan. The

example bias profile shows a pulse to a higher bias, but this can be to a lower one,

depending on the nature of the sample under observation. The ion current response

inside of and outside of the DDL is recorded in response to this bias pulse, and the

difference between these two responses is plotted relative to position in x and y as

a current response map. A surface charge map can then be extrapolated from this

current response map using FEM simulations of the SICM set up in proximity to

surfaces of a range of charges as a calibration.29
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Since pulsed-potential SICM still contains all the components of a topographical

hopping mode scan, the topography and ion current response maps can be collected

simultaneously.29 This adapted hopping mode is the surface charge mapping method

with which the SICM in our laboratory is equipped.

Figure 1.6: Surface charge hopping mode
A timeline of how the nanopipette position, ion current and applied bias can change
during an adapted hopping mode scan which incorporates double layer probe steps for
estimation of local surface charge. The bias pulses shown are to a higher bias, but lower

bias pulses can be used too, depending on the nature of the sample. Drawn with
inspiration from reference 29.

56



1.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is another SPM and a contemporary of SICM, being

developed just 3 years earlier in 1986 by Binnig et al..61 The development of the

atomic force microscope was a progression from the scanning tunneling microscope

(STM), allowing for the nanoscale imaging of non-conductive substrates; which is not

to say that the development of STM in itself wasn’t a ground-breaking achievement,

earning Gerd Binnig, inventor of the AFM, and Heinrich Rohrer the Nobel Prize in

Physics in 1986.61,62

1.3.1 AFM setup

Despite both being SPMs, the working principle of AFM differs considerably from

SICM. In a typical AFM set up, shown in Figure 1.7, a cantilever is positioned

parallel to the surface under investigation, with a sharp tip sitting on the underside

at the end of the cantilever, perpendicular to the surface. This cantilever can either

come directly into contact with the sample during a scan, or can approach the surface

sufficiently to detect the van der Waals forces but not make contact, for example in

non-contact mode.63

The cantilever is itself slightly flexible, and will bend towards or away from the

sample depending on the van der Waals forces which this sharp tip is experiencing.

The cantilever will increasingly bend away from the surface as the probe approaches

the surface in the “contact mode” section of Figure 1.8, and will bend increasingly

towards the surface as the probe approaches the surface in the “non-contact mode”

section of the figure.63,65 In order to monitor this bending of the cantilever, the

57



Figure 1.7: Atomic force microscope setup
A diagram of a typical AFM setup, showing the cantilever positioned such that the tip is

perpendicular to the sample, with a laser positioned to track the bending of the
cantilever as the tip comes in to contact with the surface. Drawn with inspiration from

reference 64.

back of the cantilever will typically have a reflective surface at which a laser can be

shone, with a photodiode detector positioned to pick up the deflected beam. As the

cantilever bends, the deflected beam will move to a different section of the detector,

and thus the tip’s position relative to the surface can be mapped. The sharp tip on

the underside of the cantilever can be produced to be atomically sharp, and as such

atomic resolutions have been achieved by numerous groups, even when imaging in

liquid.66–69

1.3.2 Topographical scanning modes

Over the years, numerous topographical image mapping modes have been devel-

oped for the AFM.63 Two of these modes, the contact and tapping modes, are not

dissimilar conceptually to SICM’s non-modulated and distanced-modulated modes

respectively, described above in Section 1.2.3.
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Figure 1.8: Sketch of the force-distance curve of an AFM tip
The force distance curve experienced by the AFM tip as it approaches the sample
surface. The highlighted regions show the distances from the sample and associated
attractive/repulsive forces where the different AFM scanning modes operate. Drawn

with inspiration from Eaton and West.65

1.3.2.1 Contact mode

In contact mode, the AFM tip is brought into close contact with the surface, as

shown in Figure 1.8, and then moved along in x and y. As the tip is moved across

the sample, raised or dropped features will result in a change in the van der Waals

forces the tip experiences, which will cause the cantilever to bend, and thus the

deflected laser beam to move on the detector. In response to these changes, the

cantilever’s position perpendicular to the surface is adjusted to return the deflected

laser beam to its set position and thus the tip’s position relative to the surface;

similarly to how the ion current is maintained in non-modulated mode in SICM.63

These adjustments in perpendicular cantilever position are recorded and mapped to

generate a topographical image.
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1.3.2.2 Tapping mode

During a tapping mode scan, the cantilever is oscillated either at its resonance fre-

quency, or close to it, and at a set amplitude relevant to the roughness of the sample,

where the tip is coming in and out of contact with the surface, as shown in Fig-

ure 1.8. As the tip is moved across the sample, the change in van der Waals forces

arising from changes in feature heights will affect the amplitude of this vibration.

The height of the cantilever is adjusted in order to maintain the vibration’s ampli-

tude at the set value, and these height adjustments relative to the x,y position on

the surface are recorded to generate a topographical map.

Tapping mode on the AFM is more suitable for the mapping of rougher surfaces

when compared to contact mode. In contact mode, the cantilever is traced along

the surface, responding only to changes in sample height as they occur. In tapping

mode, the amplitude of the oscillation is set such that larger height changes across

the sample are anticipated, and are therefore better accommodated. In contact

mode, there is the risk that if a sudden height change were to occur due to a large

raised feature, the AFM tip would come into contact with the side of the feature,

and not the top of it, which could lead to the feature being misrepresented in the

scan or the tip being knocked out of alignment relative to the laser. The tapping

mode on the AFM was therefore employed for all AFM studies described in this

thesis, due to the roughness of the outcrop rock surfaces.
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1.3.3 Surface charge mapping

A number of methods have been developed over the years in order to map surface

charge densities using the AFM in a range of applications.70–72 Two such examples of

these developments are outlined briefly here; similarly to the surface charge mapping

on the SICM described in Section 1.2.4, these methods make use of the DDL in

electrolytes to indirectly map the surface charge distribution on a surface.29,59,70,72

1.3.3.1 D-D Mapping

One method for surface charge mapping on the AFM was devised by Heinz and Hoh

in 1999, who showed that surface charge maps could be derived by performing iso-

force mapping of the same surface in two different electrolytes, and then subtracting

them from each other to remove the topographical information; the resulting infor-

mation being the result of local surface charge heterogeneities creating different DDL

environments.70 This way, relative surface charge density maps could be determined

for a surface, without the prior need to characterise the cantilever tip.70

1.3.3.2 Frequency Modulation AFM

More recently, in 2015, Umeda et al. devised a method for quantitative surface

charge determination on the AFM utilizing frequency modulation atomic force mi-

croscopy (FM-AFM).72 FM-AFM is a type of non-contact AFM where the frequency

of oscillation of the tip is constantly adjusted to maintain the resonance frequency

of the cantilever during a scan. The frequency shift experienced during a scan will

change depending on the electrolyte that the sample is immersed in, and so imag-
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ing the same sample in two different electrolyte and comparing the frequency shift

allows for surface charge maps to be generated.72

1.4 Comparison of AFM and SICM

There are clear benefits to both AFM and SICM for nanoscale topographical map-

ping of surfaces. Although SICM can achieve resolutions on the order of tens of

nanometres,58 AFM can achieve atomic resolution, on the order of tens of picome-

tres, which is incredibly powerful.66,67 The nature of SICM’s working principle means

that it is highly unlikely that SICM will ever achieve the same resolution limit as

AFM; a discussion of the hypothetical resolution limit of SICM compared to results

achieved in AFM is presented below.

To achieve atomic resolution in an SICM setup, a nanopipette would first have

to be made with an opening diameter on the order of 100s of pm, which in itself has

yet to be achieved; at the time of writing, the smallest nanopipette reported in the

literature had an opening diameter of 7 nm.73 If this obstacle was overcome, and

technology develops such that nanopipettes can be produced with sub-nanometre

opening diameters, limitations imposed by the electrolyte would still need to be

considered. During a SICM scan, hydrated ions, typically K+ and Cl-, in the elec-

trolyte are required to pass through the nanopipette opening to reach the electrode

within. The hydration radii of K+ and Cl- have been predicted to be 138 - 146

and 320 pm respectively in the literature,74,75 and as such SICM with the typical

KCl(aq) electrolyte is theoretically limited to using nanopipettes with opening diam-

eters large enough to accommodate the transport of these ions, which in this case
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would be > 640 pm. If the 0.5 ri resolution which Shevchuk et al. reported with their

nanopipettes of 12.5 nm internal diameters proved to be possible with even smaller

nanopipettes,76 and a nanopipette with an opening diameter of approximately 650 -

750 pm was producible, then the hypothetical absolute lateral resolution limit of

SICM would be 162 - 187 pm. At this resolution some atoms might be resolved;

the atomically smooth silver surface studied by Orisaka et al. and the mica surface

studied by Fukuma et al. showed inter-atomic separations of 280 and 300 pm re-

spectively,67,69 however as these atoms are only 2× the pixel size, the features would

not be expected to be clear.

Despite the resolution limits for SICM imaging, for some surfaces the SICM is a

more suitable tool than AFM, and the lower resolution is an acceptable exchange for

the other benefits gained from SICM imaging. The interactions required between the

AFM tip and the sample surface during a contact mode or tapping mode scan mean

that delicate surfaces can become damaged by AFM imaging, and any loose compo-

nents on the surface could be removed. One of the strengths of the SICM is that the

process does not require contact between the probe and the sample, and therefore

the scan itself does not damage more fragile samples. This is particularly important

for the biological applications for which SICM has been used extensively,29–35,76 but

is also of benefit for the imaging of samples with organic components loosely adhered

to a surface, which is relevant to this thesis for the imaging of outcrop rocks coated

with crude oil films.
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1.5 Limitations of Scanning Probe Microscopies

SPMs such as SICM and AFM are incredibly useful for determining relative feature

heights at nanoscale resolutions, however they will often incorrectly estimate the

width of certain features on a surface, particularly when the probe width is similar

in magnitude to the feature itself.77,78 A discussion of why these errors in feature

size determination can occur in SPMs such as AFM and SICM is presented below.

Figure 1.9 illustrates how SICM in hopping mode and AFM in tapping mode

might both inaccurately describe the width of the same feature, whilst both accu-

rately describing the depth; in both cases, the recorded profile is shown in black

above the “real” surface in brown. When an SPM topographical map is generated,

it is assumed that only the surface directly below the centre of the probe is influenc-

ing the tip position, however the probe will be influenced by features adjacent to the

tip as well. In an SICM scan, if the nanopipette opening is next to a steep surface

feature, this can impede the flow of ions sufficiently for the detection threshold to be

met. In AFM, the side of the tip might be interacting with an adjacent surface, even

if the the end of the tip is not, and could provide sufficient Van der Waals forces to

bend the cantilever such that the computer interprets it as being in contact with the

surface.77 The third position from the left in both the SICM and AFM trajectories

in Figure 1.9 show examples of such scenarios.

SPMs can also inaccurately measure the height of a surface feature; if a recessed

feature were narrower than the width of the the SPM probe, the probe would not

be able to descend fully, instead detecting the walls of the feature and retracting

prematurely. When interpreting SPM images it is therefore important to bare in
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mind that recessed features which are fewer than a couple of pixels wide on the

image may not have had their height determined correctly, and the width of any

feature may be under or overestimated by a number of pixel widths.

Figure 1.9: Scanning probe microscopy inaccuracies
A diagram of how SICM (top) and AFM (bottom) could inaccurately estimate the width
of a similar feature, whilst both accurately describing the depth. Drawn with inspiration

from Tognoni et al..77
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1.6 Scanning Electron Microscopy

In SEM, an electron beam is used as the probe with which to map the surface of

interest. When this electron beam interacts with the surface, numerous interactions

can take place, resulting in a variety of emissions (see Figure 1.10). The electrons

in the beam itself can be reflected by the surface; these are called back-scattered

electrons (BSE). The beam can also knock electrons out of the sample surface,

generating what are referred to as secondary electrons (SEs), which typically have

much lower energies than BSEs. If these SEs were originally below the highest

occupied molecular orbital (HOMO), then an electron from the HOMO can drop

down into this lower orbital, emitting a characteristic X-ray.

Figure 1.10: Electron and X-ray emissions from SEM beam interaction
A diagram of the interaction volume of the electron beam with a sample, and the

electrons and X-rays which can be emitted and detected during an SEM scan. Redrawn
from reference 79.

If the electron knocked out by the beam is two or more levels below the HOMO,

then a multi-step process called the Auger effect can take place, which is illustrated in

Figure 1.11 below. As can be seen in the first diagram, once the electron is removed,

an electron from a higher level, but lower than the HOMO, will drop down into the

hole that has been generated, shown in the second diagram of Figure 1.11. Instead
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of generating an X-ray, the energy generated from this drop, ∆E, can be transferred

internally to an electron in a higher level, removing it and ionising the sample. This

second removed electron is referred to as an Auger electron.80

Figure 1.11: Auger Electron Generation
A schematic explanation of how Auger electrons are generated, drawn with inspiration

from Ilyin.80

During an SEM scan, the electron beam is raster scanned across the surface to

build up a map point-by-point, during which time it can make use of all four of the

emissions described in Figure 1.10. Morphological mapping on the SEM typically

uses the SE signal intensity, often referred to as secondary electron imaging (SEI);

SEs do not permeate through the sample very well, so the ones detected during SEI

are only from the top approximately 10 nm of the surface.81 BSEs can be reflected by

atoms much deeper into the sample surface than SEs, so BSEs tend to be made use

of in electron backscatter diffraction (EBSD) for crystallographic characterisation,

due to their interactions deeper into the lattice of crystalline materials.79,82 The

information depth of EBSD varies between experiments, as the BSE penetration is

dependent on the atomic weight and density of the material, and the energy of the

electron beam.82 Elemental analysis can be performed via analysis of the X-rays
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which can be emitted after SE generation, using a technique known as energy-

dispersive X-ray spectroscopy (EDX). X-rays can permeate even further through

samples than SEs or BSEs, so EDX gives an idea of the elemental composition down

to approximately 2 µm into the surface.83 Finally, Auger electrons can be made use

of in Auger electron spectroscopy (AES) another elemental analysis technique, as

their kinetic energies are characteristic of certain elements. Unlike EDX, AES is

sensitive to just the top 2 - 5 nm of of the sample, as the Auger electrons have a

low escape depth.84

1.6.1 Scanning Electron Microscope Setup

A typical setup for a SEM column is shown in Figure 1.12; to generate the electron

beam probe for imaging, there are multiple stages of refinement the beam must go

through first. The entirety of the chamber and column are typically under high

vacuum to avoid gas particles interfering with the electron beam.

Starting from the top of the column, an electron source, commonly a W filament

or LaB6 cathode, will generate electrons which can only escape through the small

hole in the Wehnelt cap, the beam being narrowed again through a second aperture.

Next the beam passes through a set of condenser lenses; these control the spot size,

which is a term used to indicate the size of the circular area of sample which is

targeted with the electron beam at any one time. Next, the beam passes through

the stigmator, which controls the shape of the beam, making sure that when the

beam meets the sample the area is circular and not elliptical. The beam then passes

through a set of deflection coils which are responsible for controlling the raster
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Figure 1.12: Scanning electron microscope column and sample chamber
A diagram of the inside of an SEM column and sample chamber, with the electron beam
shown in red. All rectangles either side of the electron beam represent cross-sections of

cylindrical objects. Redrawn from reference 85.

scanning of the beam. Simultaneously, the beam passes through the objective lens,

which adjusts where the beam comes to a point in the sample chamber, such that

the beam is the correct size on the sample surface; this lens thus controls the focus

of the image, and requires adjustment for changes in sample height and sample stage

position. The beam then passes through the final aperture into the sample chamber,

where it can interact with the sample.
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The detectors present in the sample chamber will vary between setups, however in

any setup the BSE detector will be above the sample, either side of the aperture into

the column, as BSEs will commonly come off the sample almost perpendicularly. X-

rays, SEs and Auger electrons will come off at a greater angle, and are lower energy,

so the detectors for these emissions are positioned towards the edges of the chamber.

1.6.2 Low-vacuum scanning

When a sample is imaged using SEM, electrons will become trapped in the material,

whether they are from the incident beam, SEs, BSEs or Auger electrons. It is

therefore normally a requirement that the sample is conductive, such that these

electrons can pass through the material and into the grounded sample stage. If a non-

conductive sample is used, then these electrons will simply build up in the surface,

causing it to become negatively charged. Once this happens, the SE intensity from

these areas will become artificially very high, preventing imaging from occurring.

The typical approach to overcoming this issue is to coat the non-conductive sample

with a thin layer of a conductive material, such as gold, prior to imaging. For some

applications this approach is acceptable, however there is an alternative solution

which does not require sample surface alteration called low-vacuum SEM.

Low-vacuum SEM, or variable-pressure SEM, enables the mapping of non-conductive

samples by introducing a gas such as N2 at very low pressure into the sample cham-

ber; for example, the experiments described in this thesis were typically performed at

60 Pa.86 Incoming electrons from the beam will ionize the N2 molecules in the cham-

ber to give N2
+; these positively charged molecules can then mop up the negative
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charge build up on the surface, preventing the sample from becoming too charged

to image.86 Although this low gas pressure is still sufficiently low to not prevent the

mapping of the surface altogether, typically the SE signal intensity will be lower as

a result, and so larger spot sizes have to be used for successful imaging. Although

the larger spot size requirement means that the resolution limit is lower than for

standard “high-vacuum” SEM, this can be an acceptable compromise for certain

applications when it allows for the imaging of completely un-altered, un-coated,

non-conductive samples.
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1.7 Outcrop Rocks

It is common practice in oil recovery research to use substitutes, typically referred

to as outcrop rocks, in place of actual reservoir rocks.21,22,26,87–89 This is in part due

to the great cost associated with removing reservoir rock from the ground, but also

using more easily obtained substitutes allows for comparable data to be generated

over the course of multiple projects. The outcrop rocks discussed in this thesis are

carbonate and sandstone rocks from above-ground quarries, and were selected as

they are all common substitutes for carbonate and sandstone reservoir rocks in oil

recovery research, and were also investigated in other projects in the SDRP.

1.7.1 Carbonates: Ketton, Estaillades and Indiana

Understanding and modelling fluid flow processes through carbonate rock is of great

importance to the oil and gas industry, as carbonate reservoirs account for the ma-

jority of the world’s oil and gas reservoirs.90,91 Numerous carbonate reservoir substi-

tutes have been used over the years;92–94 the SDRP focusing on three of these, being

Ketton, Estaillades and Indiana. All three of these carbonate rocks are thought to

be composed of predominantly calcite, with a small quartz component. A range of

previously reported mineral compositions in weight percent of these rocks are shown

in Table 1.1 on page 73.

Despite all being carbonate rocks with > 90 % calcite content, Ketton differs in

its structure from Estaillades and Indiana in that it is an oolite, made up of a tight-

packed structure of spherical ooid grains. The term “ooid” describes a rounded 3D

structure, formed from crystallites which are arranged in concentric circles. These
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structures were formed around a central nucleation site, where layers of crystal-

lites grew progressively, ultimately fusing with other similar ooid structures to form

“oolite” materials. The ooids grains in Ketton are typically around 1 - 2 mm in

diameter.95 Ooids themselves have their own nanoporosity, as well as the macro-

porosity which is generated between the ooid grains themselves. This more open

pore structure leads Ketton to have a much higher internal surface area, with Lai

et al. reporting a Brunauer–Emmett–Teller (BET) surface area of 2.52 m2/g for

Ketton compared to roughly 0.35 m2/g and 0.46 m2/g for Indiana and Estaillades

respectively.92

1.7.2 Sandstone: Bandera Brown

Sandstone reservoirs are much more diverse in their mineralogical composition than

carbonates; this thesis focuses on a sandstone outcrop rock called Bandera Brown,

which is of particular interest due to its Fe redox behaviour.88,89 The exact composi-

tion of Bandera Brown varies between reports. For example, Yesufu-Rufai et al. and

Gamal et al. both report quartz as the single largest component by mass, report-

ing 58.89 and 59 % respectively, determined by BSE SEM and XRD respectively.89,98

Yesufu-Rufai et al. report illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]), pla-

gioclase ((Na,Ca)(Si,Al)4O8), smectite (M+
0.33Al2(Si3.67Al0.33)O10(OH)2) and calcite

(CaCO3) as the next four most common minerals, however Gamal et al. report

dolomite (CaMg(CO3)2), albite (NaAlSi3O8), illite and kaolinite (Al2Si2O5(OH)4)

as the next four most common. This significant difference in reported mineralogy

would suggest that Bandera Brown is a reasonably heterogeneous rock, despite the
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elements present in the minerals in both cases being the same. This heterogeneity,

and mineral-assignment disparities in the literature, are discussed in more depth in

the Discussion, Section 7.3, alongside the results obtained in this work.

It was shown by Southwick et al. in 2018 that if a Bandera Brown core is flooded

with water containing partially hydrolyzed polyacrylamide (HPAM), a polymer sur-

factant, a large pressure increase across the core occurs.88 However, if a reducing

agent such as erythorbic acid is used to flood the core first, this large pressure in-

crease is not observed.88 Southwick et al. hypothesize in this case that the erythorbic

acid reduces the Fe in the Bandera Brown from the +3 to the +2 oxidation state.

They further hypothesize that, as the HPAM is negatively charged, the lower mag-

nitude of positive surface charge on the pore walls after reduction means that the

HPAM no longer gets stuck in the pores, and is able to instead flow through. There

is therefore evidence that the wettability of the rock has been altered through the

introduction of a reducing agent.88 This behaviour is of interest as reservoirs are

appreciated to be a reducing environment, given the presence of crude oil; however

the majority of studies until now have been carried out in oxidising environments,

or samples have been exposed to them without any corrections being made, and so

this calls into question the validity of a number of these results.88,89

Dr. Yesufu-Rufai, a PhD student in the SDRP, investigated Bandera Brown’s

proposed redox behaviour and its impact on wettability, with a focus on the use

of AFM for the generation of topographical maps. This thesis provides additional

insight through the use of SICM and SEM, some images already published by Yesufu-

Rufai et al.,99 and by discussing how EDX and the potential for surface charge
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mapping on the SICM could provide new insights into this observed redox behaviour,

which can not be visualised from the topographical maps generated by AFM.

1.8 Thesis Outline

This thesis aims to answer four key questions: 1) Can the SICM be used to map

outcrop rocks? 2) How can these experiments be validated? 3) What additional in-

formation can be gained from the SICM which was not previously obtainable through

other means? and 4) Can the SICM map crude oil-covered surfaces? To this end,

this thesis focuses on the investigation of four outcrop rocks; Ketton, Estaillades,

Indiana and Bandera Brown. These materials were imaged using low-vacuum SEM,

AFM and SICM; the first time SICM has been used in oil and gas recovery research.

The suitability of SICM for mapping these materials is assessed, using AFM and

low-vacuum SEM as controls, as both techniques have both previously been used

to investigate these materials in the literature. The discussion then proceeds to

surface charge mapping mode on the SICM, and what avenues this would open up

for the study of these materials. Finally, low-vacuum SEM, AFM and SICM images

of outcrop rocks which have been artificially aged in crude oil are presented and

discussed.
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Chapter 2

Methods

2.1 Samples

2.1.1 Outcrop Rocks

A variety of outcrop rocks were investigated. Three carbonates: Ketton (provided

by Prof. Paul Luckham, Department of Chemical Engineering), Estaillades (pro-

vided by Dr. Branko Bijeljic, Department of Earth Science and Engineering) and

Indiana (provided by Dr. John Crawshaw, Department of Chemical Engineering),

and one sandstone: Bandera Brown (provided by Prof. Paul Luckham, Department

of Chemical Engineering) were selected for this project. Pure calcite crystals (pro-

vided by Prof. Paul Luckham, Department of Chemical Engineering) were studied

as a simple system to compare to the more topographically complex carbonate rocks.

Compositions of these four rocks are discussed in the Introduction in Sections 1.7.1

and 1.7.2, with further discussion of Bandera Brown’s mineralogy in the Discussion,

Section 7.3.2.
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2.1.1.1 Sample Cutting and Cleavage

The majority of the rock samples studied were received as cylinders of typically

0.5 cm in length and 1 cm in diameter, which fit inside all of the instruments used;

see Figure 2.1 for a photograph of Estaillades and Indiana cylinders affixed in the

SICM holders. However, some of the Estaillades studied was received in a large block

which was cut into smaller, not necessarily cylindrical pieces by Dr. John Crawshaw.

The Estaillades sample initially used for SICM measurements was originally cut as

a micro-CT core, which is a cylinder approximately 1 cm in length and 0.5 cm in

diameter, and so was imaged on its side. Large calcite crystals obtained from Dr.

Rücker were cleaved in air using a guillotine and a mallet to generate sufficiently

small samples for the microscopes.

Figure 2.1: Photograph of examples of Estaillades and Indiana samples
Estaillades (left) and Indiana (right) affixed in 3 cm diameter petri dishes for imaging

with SICM.

2.1.1.2 Sample cleaning procedure

Prior to any imaging, samples were immersed in distilled water (Direct-Q 3 UV

Water Purification System, Merck KGaA, Germany) and sonicated for 10 minutes

before being rinsed, re-immersed in distilled water and sonicated for a further 10

minutes to remove any excess powder from their pores (a side effect of the drilling

processes), before being left to dry in air. This cleaning process was required as it
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was observed that without prior cleaning, the powder inside the pores would emerge

when immersed in the 0.1 M KCl(aq) during SICM measurements, which interfered

with the measurement and occasionally led to blockage of the nanopipette. Despite

the calcite not requiring this cleaning step, as it does not have pores, it was none

the less cleaned in this manner for consistency.

2.1.2 Ageing Protocol

Calcite, Estaillades and Bandera Brown samples were artificially aged in crude oil,

primarily to investigate SICM’s suitability in mapping oil-covered samples, but also

to probe the interaction of the different surfaces with the crude oil. Crude oil for

ageing protocols was provided to the SDRP by Shell, via Dr. Maja Rücker and

Dr. Edward Bailey. The rock samples were first cleaned and dried according to

the sonication cleaning procedure described above in Section 2.1.1.2. Samples were

then placed in clean glass vials with sufficient crude oil to fully immerse the sample.

The vials were then covered with a lids and placed in an oven at 70 ◦C for four

weeks. Samples were then removed from the crude oil and placed in clean glass

vials and once more placed in an oven at 70 ◦C for at least two days to allow any

volatile components to evaporate. Once dry, the samples were then transferred to a

vacuum desiccator for at least two days to remove any remaining volatile components

prior to imaging. There was no further cleaning step after this protocol prior to

imaging, deliberately so as not to impact how or where the crude oil stuck to the

sample surface, allowing for the visualisation of any preferential regions for rock-oil

adhesion. The justification for this protocol is discussed in Chapter 5, page 215.
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2.1.2.1 Crude Oil Composition

The crude oil used in the ageing protocol described above was provided by Shell to

researchers at Imperial College London on the SDRP. The exact composition can

not be disclosed, however Table 2.1 gives an indication of which classes of organic

compounds were present and their relative quantities, and Table 2.2 describes the

amounts of trace metals and sulfur.

Compound Class Carbon number range Composition (%)

Long chain hydrocarbons 8-35 42.5

Naphthenes 8-35 27.2

Monoaromatics 8-35 13.9

Naphthenic Aromatics 11-35 3.4

Naphthalenes 12-35 4.0

Naphthenic Naphthalenes 17-35 2.2

Triaromatics 17-35 2.7

Other 8-35 4.3

Table 2.1: Crude Oil Organic Composition
An indication of which classes of organic compounds were present in the crude oil used
in the ageing experiments described in this thesis, based on information provided by

Shell to SDRP researchers.
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Element Composition (ppm)

Ca 1.36

Fe < 0.25

Mg 0.18

Mn < 0.03

Mo 0.21

Na 0.73

Ni 0.12

Si 0.56

V < 0.25

Hg < 0.001

S 7,920

Table 2.2: Crude Oil Trace Elements
A description of the trace metals and sulfur content of the crude oil used in the ageing
experiments described in this thesis, based on information provided by Shell to SDRP

researchers.

2.1.3 Polystyrene on Glass

In order to repeat previous surface charge mapping work from the literature,29

polystyrene on glass samples were prepared. Approximately 1 x 1 cm sections were

cut from a 76 x 26 mm, 0.8 - 1 mm thick glass microscope slides (Agar Scientific Ltd.,

UK), immersed in isopropanol (Sigma-Aldrich, USA) and sonicated for 10 minutes

before being left to dry. These slides were then fully immersed for 10 seconds in

a 1 mg/ml polystyrene (Sigma-Aldrich, USA) in chloroform (Sigma-Aldrich, USA)

solution, before being allowed to dry flat. The side facing up during this drying

process was the side investigated during imaging.
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2.2 Scanning Ion Conductance Microscopy

2.2.1 Topographical Mapping

SICM measurements were carried out in hopping mode with a SICM Scan Head IC-

nano2015 (Ionscope, UK). Coarse positioning motors were controlled with a Micro-

Drive (Mad City Labs Inc, Wisconsin USA), piezo actuators for pipette position

were controlled with a Nano-Drive (Mad City Labs Inc., USA) and piezo actuators

for sample position were controlled with a Nano-Drive 85 (Mad City Labs Inc., Wis-

consin USA). Samples were affixed with Blu Tack (Bostik, France) in the center of

a 3 cm diameter, 1 cm high-sided petri dish, and fully immersed in a 0.1 M KCl(aq)

(Sigma-Aldrich, USA) in distilled water (Direct-Q 3 UV Water Purification System,

Merck KGaA, Germany) electrolyte. Samples being affixed with Blu Tack did not

cause any issues with thermal drift or stability; this set up was found to be stable

over a day of imaging. The working electrode was placed inside of a nanopipette and

held at a 0.2 V bias against the counter electrode which was free in solution. The

nanopipette approached the sample surface at 5 nm/ms and currents were recorded

for 30 ms at each point, with a minimum hop height between points of 1 µm, up to

5 µm for rougher samples. Detection thresholds were set between 0.7 - 1.5 %. Im-

ages were plotted and analysed using WSxM 5.0 Develop 9.4 (Nanotec Electrónica

S.L., Spain),100 with any height profiles or histograms being plotted in OriginPro

2018b (OriginLab Corporation, MA, USA).
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2.2.1.1 Calibration

Each time the SICM scan head was shipped or moved to a new laboratory, a HS-

100MG calibration standard (BudgetSensors, Bulgaria) with 100 nm step heights

was imaged to ensure that the set up remained calibrated. An example SICM image

of this standard with height profiles is shown in Appendix A, Section A.1.

2.2.1.2 Root mean squared roughness calculation

In order to compare certain SICM images, the root mean square (RMS) roughnesses

are given. These RMS roughness values were calculated using WSxM 5.0 Develop

9.4 (Nanotec Electrónica S.L., Spain) software.100 An RMS roughness value, R, is

calculated from all of the height values in the image, zi, as described in equation 2.1,

adapted from Espitia et al.:

R =

⌜⃓⃓⎷ 1

N

N∑︂
i=1

z2i (2.1)

where N is the number of points in the topographical image.101,102

2.2.2 Surface Charge Mapping

The SICM hopping mode was adapted to incorporate two pulses at a second bias

at the bottom and top of each hop, based on the pulsed-potential SICM method

reported by Page et al. and described in the Introduction, Section 1.2.4.29 Attempts

to perform surface charge mapping for this project therefore followed the parameters

described by Page et al..29 Experiments were conducted in a 0.05 M KCl(aq) (Sigma-

Aldrich, USA) in distilled water (Direct-Q 3 UV Water Purification System, Merck

KGaA, Germany) electrolyte. The working electrode was held at a 0.02 V bias
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against the counter electrode whilst the nanopipette moved, and pulsed to -0.4 V

for 50 ms at the top and bottom of each hop, when the nanopipette was stationary.

The minimum hop height was 1 µm, and the detection thresholds were set between

2.5 - 6.0 %. Images were plotted and analysed using Gwyddion 2.55.

2.2.3 Nanopipettes

2.2.3.1 Nanopipette Pulling

Nanopipettes were pulled from 7.5 cm quartz capillaries of 1 mm external diameter

and 0.5 mm internal diameter (Sutter Intstrument, California, USA) on a P-2000

Laser-Based Micropipette Puller System (Sutter Instrument, California, USA), using

the following parameters: Line 1: Heat 880, Fil 4, Vel 30, Del 185, Pul 100; Line

2: Heat 900, Fil 1, Vel 15, Del 170, Pul 160. Nanopipettes were found to typically

have internal diameters of 20 - 40 nm by conductance measurements as described

below.

2.2.3.2 Nanopipette Characterisation

Steinbock et al. gave the conductance of a nanopipette as:103

G =
diDiπg(c)

4(l + π
8
(di +Di))

(2.2)

where G is the conductance of the nanopipette, di is the internal diameter of the

nanopipette opening, Di is the internal diameter of the capillary from which the

nanopipette was pulled, g(c) is the specific conductance of the electrolyte and l is

the taper length of the nanopipette.
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Equation 2.2 can be rearranged for di to give equation 2.3. The full rearrange-

ment resulting in equation 2.3 from the original equation 2.2 can be found in Ap-

pendix A, Section A.2.1.

di =
4Gl + π

2
GDi

Diπg(c)− π
2
G

(2.3)

Di is a constant, being 0.5 mm for all nanopipettes. g(c) was in the range of

1.16 - 1.28 Sm−1, as all experiments were conducted between 20 - 25 ◦C.104 di was

thus determined for any given nanopipette by measuring G and l.

Images of the nanopipettes were taken at 5× magnification on either an Olym-

pus BX51 microscope (Olympus Europa SE & CO. KG, Japan) or on an Olympus

BX53M microscope (Olympus Europa SE & CO. KG, Japan). l was measured from

these images using either analySIS docu software (Olympus Europa SE & CO. KG,

Japan) or OLYMPUS Stream software (Olympus Europa SE & CO. KG, Japan).

Cyclic voltammetry (CV) was carried out in a 0.1 M KCl(aq) (Sigma-Aldrich,

USA) in distilled water (Direct-Q 3 UV Water Purification System, Merck KGaA,

Germany) electrolyte, with Ag/AgCl working and counter electrodes to measure G.

The working electrode was fitted inside the nanopipette and the counter electrode

was free in solution. CV experiments were carried out using either a Reference 600

Potentiostat (Gamry Instruments, USA) or a CompactStat.e Potentiostat (Alvatek,

UK). Scans were carried out at 100 mVs−1 with a step size of 1 mV from 0.5 to

-0.5 V. G was taken as the slope of tangent of the CV plot when the bias was 0 V.

A worked example of the estimation of the size of a nanopipette opening is given in

Appendix A, Section A.2.2.
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At the beginning of the project, each nanopipette was characterised before use.

Once the first 30 nanopipettes had been made using the same settings, it was found

that all nanopipettes had internal diameters 15 - 40 nm, with the majority sitting

between 20 - 40 nm; see Figure 2.2. After this repeatability was established, one

nanopipette would be characterised from each batch to ensure that < 40 nm internal

diameters were still being obtained reliably. If a nanopipette of 20 - 25 nm was

specifically required for a high resolution scan, then multiple nanopipettes from a

batch would be characterised until a sufficiently narrow nanopipette was found.

Figure 2.2: Histogram of nanopipette diameters
A histogram showing the internal diameters of the first 30 nanopipettes to be made at

the start of the project.
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2.2.4 Ag/AgCl Electrode Preparation

Electrodes for use on the SICM or for nanopipette characterisation were made in

house as needed. For the working electrodes, an approximately 4.3 cm long, 0.25 mm

diameter Ag wire (World Precision Instruments, USA) was first immersed in 50 %

HNO3 (VWR International, USA) for 30 seconds to remove any contamination or

oxide layer from the surface and rinsed in distilled water (Direct-Q 3 UV Water

Purification System, Merck KGaA, Germany). AgCl was deposited onto the clean

Ag wire in a 1 M KCl(aq) (Sigma-Aldrich, USA) distilled water (Direct-Q 3 UV

Water Purification System, Merck KGaA, Germany) solution at room temperature

at 0.5 mA for 15 minutes against a second silver counter electrode, using either a

Reference 600 Potentiostat (Gamry Instruments, USA) or a CompactStat.e Poten-

tiostat (Alvatek, UK). Equations 2.4 and 2.5 show the redox reactions happening

at the anode and cathode respectively during electroplating.

Ag(s) + Cl−(aq) ⇌ AgCl(s) + e− (2.4)

2H+
(aq) + 2e− ⇌ H2(g) (2.5)

Electrodes were stored at room temperature in air and were used for up to two

weeks. If any visible damage to the AgCl coating could be observed the electrode

was discarded. For the reference electrode, a 6 cm long, 0.5 mm diameter Ag wire

(World Precision Instruments, USA) was electroplated as above.
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2.3 Atomic Force Microscopy

AFM measurements were carried out to obtain topographical images of the samples

prior to testing on the SICM. Four atomic force microscopes were used in total over

the course of the project.

During the first year, an Agilent 5500 AFM (Agilent Technologies, USA) was

used in tapping mode at room temperature, equipped with a 90 µm scanner (Keysight

Technologies, USA). Silicon cantilevers (NANOSENSORS, Switzerland) 125 µm

long and 30 µm wide with a tip radius of curvature < 10 nm were oscillated at

327 kHz and scanned at 0.5 - 1 lines s−1 to capture images at 1028 lines per frame.

For the majority of the rest of the project, an Innova AFM (Bruker, MA, USA),

was used. The Innova AFM broke during the last few months of the project, so

an Asylum Research MFP-3D AFM (Oxford Instruments, UK) and a NaioAFM

(nanosurf, Switzerland) were used to conclude experiments. The Innova AFM and

NaioAFM microscopes were used in tapping mode at room temperature with silicon

cantilevers (BudgetSensors, Bulgaria) with an aluminium reflex coating, a resonant

frequency of 300 kHz and a force constant of 40 Nm−1. The Asylum Research MFP-

3D AFM was used in tapping mode at room temperature with silicon cantilevers (Nu

Nano Ltd, UK) with an aluminium reflex coating, a resonant frequency of 350 kHz

and a spring constant of 42 Nm−1. Surfaces were scanned between 0.5 - 2 lines s−1,

capturing images at either 128 or 256 lines per frame.
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2.4 Low-Vacuum Scanning Electron Microscopy

Low-vacuum SEM micrographs were collected on a Quanta 650 FEG (FEI, Thermo

Fisher Scientific, USA) fitted with a low-field detector and x-ray cone. The pressure

was set between 60 - 90 Pa, with an accelerating voltage of 3 - 5 kV; 60 Pa and 5 kV

were the defaults which were altered if charging was observed on the surface. All

materials were placed in a vacuum desiccator for at least one week prior to imaging.

The Quanta 650 FEG was fitted with an XFlash 6-60 detector (Bruker, USA)

for EDX analysis. EDX analysis was performed in continuous capture mode using

Esprit 2.1 software (Bruker, USA) until a sufficient signal had been captured for the

area, typically 10 - 15 minutes.
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Chapter 3

Carbonates

3.1 Overview

Carbonate reservoirs are of particular interest as they hold the majority of the

world’s oil and gas reserves.90,91 Three carbonate outcrop rocks are investigated

in this Chapter; Ketton, Estaillades and Indiana, each having a calcite content

> 90 %, but with morphological and other chemicala differences.92,93,96,97 A pure

calcite crystal has also been included in these studies for reference and comparison.

In this work these morphological differences have been studied with low-vacuum

SEM, SICM and AFM. Starting with the SEM micrographs, distinct surface types

on each rock surface will be characterised, such that areas of similar descriptions can

be identified from the SICM and AFM images. This approach provides a means to

confirm SICM’s suitability for these materials, and places the smaller SPM images

from SICM and AFM into the wider field of view which low-vacuum SEM provides.

aa more detailed description of their chemical compositions was given in Chapter 1: Introduction,
in Table 1.1 on page 73
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3.2 Low-Vacuum Scanning Electron Microscopy

Low-vacuum SEM was used to gain an overview of the range of visible surface types

across the different carbonates studied. The benefit of performing these experi-

ments in low-vacuum instead of the standard “high-vacuum”, was so that these

non-conductive materials did not require coating prior to investigation, leaving the

surface structure un-altered. Previous SEM work in the literature on Ketton, Es-

taillades and Indiana has been scarce; the literature predominantly focusing on

micro-CT studies to provide images of the pore space.21,25,105,106 Additionally, the

SEM work which has been presented has either been at comparatively low magni-

fication,92,107,108 altered through conductive-layer coating, polishing and/or setting

in a resin,107,108 or has only shown one or sometimes two surface types, not provid-

ing the full picture of the heterogeneity present.20,92,94,107,108 The work presented in

this thesis provides new insights compared to previous SEM studies, as imaging is

performed at high magnification, showcasing the heterogeneity of these materials,

and is performed on minimally altered surfaces; the only alteration was the cutting

of the cores, effects of which are accounted for during analysis of the micrographs.

3.2.1 Calcite

Calcite was studied as a model system to compare with the more “complex” car-

bonate rocks: Ketton, Estaillades and Indiana, as calcite is the main component

in each. Calcite has trigonal symmetry, space group R3̄c: a diagram of the calcite

unit cell is shown in Figure 3.1.109 The unit cell can be understood as a stack of

four trigonal structures, shown on the right of Figure 3.1, where in each structure
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the molecules or atoms in lattice position A are all the same, but different to the

molecules or atoms in lattice position B, which are also all the same as each other.

In each case, the CO3 molecule which is on the diagonal dotted line is orientated

in the opposite direction to the CO3 molecule in the plane above or below. When

a calcite crystal is cleaved it will produce a flat surface if cleaved parallel to a Ca

plane, but will reveal a rougher surface if cleaved otherwise.

Figure 3.1: Crystal structure of calcite
The calcite unit cell (left) is made up of four trigonal structures (right). These unit cells

stack together along the grey lines shown. Redrawn from 109

Figures 3.2 and 3.3 show two sets of four low-vacuum SEM micrographs overlain

to create a wider field of view, of two different cleaved calcite crystal surfaces. The

calcite crystal in Figure 3.2 has a few different surface types visible on the surface,

labelled 1 - 3 on the image, and are all likely to be the result of different cleavage

angles. The second calcite crystal studied, shown in Figure 3.3, has a much flatter

surface than the crystal surface shown in Figure 3.2, but with some imperfections.

These imperfection features are assigned as surface type 4, with two such areas

labelled A and B on the overlay.
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Figure 3.2: Calcite: SEM Overlay 1
An overlay of four low-vacuum SEM micrographs of a cleaved calcite crystal, with

numbers labelling different surface types of interest. The individual micrographs which
make up this overlay can be found in Appendix B, Figures B.1 - B.4.

Figure 3.3: Calcite: SEM Overlay 2
A second overlay of four low-vacuum SEM micrographs of a cleaved calcite crystal, with
A and B labelling different surfaces of interest. The individual micrographs which make

up this overlay can be found in Appendix B, Figures B.5 - B.8.

Calcite surface type 1, as labelled on Figure 3.2, is shown at higher magnification

in Figure 3.4 and is visually the roughest surface type captured in Figure 3.2. Sur-

face type 1 likely represents section of calcite which has likely been cleaved almost
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perpendicularly to the Ca planes, revealing numerous layers of calcite with irregu-

lar edges. When calcite is cleaved parallel to the Ca planes, near entirely smooth

surfaces can be obtained; an AFM image of one such example was reported in the

literature by Savulescu et al., for comparison.22 However, this fractured structure

is not unlikely to appear in calcite structures in reservoirs, where the rocks have

been subjected to damage during drilling or extraction, as fractures will not have

exclusively occurred along the Ca planes in the crystal structure.

The second labelled area in 3.2, calcite surface type 2, is shown at higher mag-

nification in Figure 3.5. This section of the calcite surface appears to have been

cleaved at a shallower angle relative to the Ca planes than those in calcite surface

type 1; individual layers are visible but a reasonably flat surface appears to have

been produced. The third labelled area visible in Figure 3.2 is an almost perfectly

flat surface; the calcite in this area appears to have been cleaved parallel to the Ca

plane, producing a smooth layer underneath.

Calcite surface types 4a and 4b, shown in Figures 3.6a and 3.6b respectively,

do not present the same large areas of step-like structures visible in calcite surface

types 1 and 2. However, in calcite surface type 4a there appears to have been some

damage to the surface resulting in a small dent, exposing an area with a step-like

structure, likely due to a few layers of calcite being removed close to the surface. In

calcite surface type 4b the damage to the surface is even shallower, with no clear

step-like structures at all; small dents and raised areas on the surface are visible

where chunks of calcite layers have been removed, or remained after cleavage.
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Figure 3.4: Calcite: high magnification SEM micrograph of surface type 1
A higher magnification low-vacuum SEM micrograph of surface type 1 as labelled in the

overlay in Figure 3.2

Figure 3.5: Calcite: high magnification SEM micrograph of surface type 2
A higher magnification low-vacuum SEM micrograph of surface type 2 as labelled in the

overlay in Figure 3.2
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(a) Calcite surface type 4a (b) Calcite surface type 4b

Figure 3.6: Calcite: high magnification SEM micrographs of surface type 4
Two higher magnification low-vacuum SEM micrograph of surface type 4, (a) showing A

and (b) showing B as labelled in the overlay in Figure 3.3.

A summary of the four calcite surface types observed across the surfaces in

Figures 3.2 and 3.3 is given in Table 3.1. Areas similar to all these surface types

are anticipated to be found on calcite surfaces in carbonate reservoirs, and indeed

served as a guide in this Chapter when proceeding to the investigation of the more

complex carbonate surfaces of Ketton, Estaillades and Indiana.

Type Description Feature size range

1
Deep step-like structures caused by cleavage diag-
onal to crystal planes

> 10 µm

2
Shallow step-like structures caused by cleavage di-
agonal to crystal planes

< 10 µm

3 Flat regions from cleavage parallel to crystal planes N/A

4
Dent from cleavage almost parallel to crystal
planes

5 - 16 µm

Table 3.1: Summary of the calcite surface types
A summary of the different surface types identified on the calcite samples: qualitative

descriptions of the surfaces and estimated feature size ranges are given based on
information from the low-vacuum SEM micrographs.
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3.2.2 Ketton

Ketton’s ooid structure is well-established in the literature,20,92 and can be clearly

seen in the low-vacuum SEM micrograph overlays in Figures 3.7 and 3.8, where a

selection of low-vacuum SEM micrographs have been stitched together to form larger

fields of view of two different areas on the surface of this material. Figures 3.9 - 3.15

present a set of higher magnification images from these two overlays, showcasing a

number of different surface types which have been labelled 1-5 in Figure 3.7, with a

further surface type 6 identified in Figure 3.8.

Figure 3.7: Ketton: SEM Overlay 1
An overlay of selected low-vacuum SEM micrographs of Ketton rock, with numbers
labelling the different surface types of interest. Individual images can be found in

Appendix B, Figures B.37 - B.42.
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Figure 3.8: Ketton: SEM Overlay 2
An overlay of low-vacuum SEM micrographs of Ketton rock; an additional Ketton

surface type not observable in Figure 3.7 is labelled “6” in this Figure. Individual images
can be found in Appendix B, Figures B.43 - B.49.

In both of the low-vacuum SEM Ketton overlays shown in Figures 3.7 and 3.8,

gaps between the grains can be observed as being on the order of magnitude of 50 -

100 µm across, which represents the larger pore space in these materials. In addition

to this pore network, the grains themselves also have a nanoporosity which becomes

more evident in the higher magnification images presented in Figures 3.9 - 3.15. This

dual-porosity has also been reported in the literature by Menke et al., who showed

their Ketton sample had two common size ranges of pore throat radii via Mercury

injection tests; one around 10 - 100 nm and the other around 10 - 50 µm.106
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Surface type 1 in Figure 3.7 appears to be the surface of an intact Ketton ooid

grain, sitting deep enough into the surface that it has not been affected in the

cutting processes involved in sample preparation. Figure 3.9 shows a micrograph of

this surface type at higher magnification and its intersection with surface type 2.

This second Ketton surface type visible towards the right of Figure 3.9, labelled “2”

in Figure 3.7, is proposed to be the result of where another ooid grain previously sat,

presumably snapped off during the cutting stage of sample preparation. Figure 3.10

shows a micrograph of this cleaved area at higher magnification than Figure 3.7,

where it can be seen that surface type 2 is much rougher than surface type 1. It

appears that sharper structures have formed between the two ooid grains, covering

the smoother crystallites underneath.

Figure 3.9: Ketton: high magnification SEM micrograph of surface types 1 and 2
A high magnification low-vacuum SEM micrograph of the intersection between Ketton
surface types 1 and 2 as defined in Figure 3.7; the intact ooid grain surface towards the
left, and the rougher area resulting from where a second grain used to sit towards the

right.
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Figure 3.10: Ketton: high magnification SEM micrograph of surface type 2
A high magnification micrograph of Ketton surface type 2 as defined in Figure 3.7; the
structures which formed upon contact with another grain, which is assumed to have been

removed during the cutting stage of sample preparation.

Ketton surface types 3 and 4, as labelled in Figure 3.7, appear to be fractured

ooid grain shell surfaces, but fractured from different angles, as they appear to be

similar to each other in structure, with smooth crystallites approximately 1 µm

across. This similarity is illustrated in Figure 3.11 where high magnification low-

vacuum SEM micrographs of the two surface types are presented side by side. Fig-

ure 3.12 shows surface type 3 at a lower magnification than in Figure 3.11, such

that the full cross-section of the fractured ooid grain shell can be clearly seen. What

was previously the external surface of the ooid grain can be seen towards the right

hand side of the image, where larger crystallites are present, similar those observed

in surface type 1 (Figure 3.9), whilst the exposed inside of the grain can be seen in

the top left. Concentric lines can be seen in this outer shell, which aligns with how

these structures are understood to have formed, with layers of small calcite crystals
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depositing over years to progressively grow the spherical ooid structure outwards,

as described in Section 1.7.1 of Chapter 1: Introduction.95 Surface type 4 appears

to be a “face on” view of a fractured ooid grain shell, shown at higher magnification

in Figure 3.13. It is likely that surface type 4 was generated by cutting the outer

grain surface, removing surface type 1, to reveal the smaller crystallites underneath.

Surface type 4 is thus only showing a handful of layers, whereas surface type 3 is

showing tens of layers which make up the ooid shell.

(a) Ketton surface type 3 (b) Ketton surface type 4

Figure 3.11: Ketton: high magnification SEM micrographs of surface types 3 and 4
High magnification low-vacuum SEM micrographs of Ketton surface types 3 and 4, as

defined in Figure 3.7, proposed to be exposed ooid grain shell surfaces.

Ketton surface types 5a and 5b sit inside of the fractured ooid grain shown in

the lower left hand corner of the first overlay (Figure 3.7, page 97), and have similar

structures. Both show larger crystallite sizes than seen in the shell cross-section or

on the surface of the ooid, as can be seen from the high magnification micrograph

in Figure 3.14. The crystallites inside this grain are quite varied in size, the largest

in view measuring 15 µm across, whilst the smallest only measuring 1 µm. This is

in contrast to the surface of the ooid grain where the crystallites are more regular

in size and shape, commonly 0.5 - 4 µm across, and the shell itself comprised of
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Figure 3.12: Ketton: high magnification SEM micrograph of surface type 3
A high magnification low-vacuum SEM micrograph of Ketton surface type 3 as defined
in Figure 3.7; the cross-section of the outer shell of a fractured Ketton grain. This image

is rotated 90◦ clockwise relative to Figure 3.7.

Figure 3.13: Ketton: high magnification SEM micrograph of surface type 4
A high magnification low-vacuum SEM micrograph of Ketton surface type 4 as defined

in Figure 3.7; the surface of a fractured ooid grain shell.
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crystallites < 1 µm across. The labelled surface type 5b is not particularly different

to surface type 5a in terms of surface structure, but the bulk structure itself seems

to have grown in a spiral shape, not a sphere as expected in ooids. There is a small

gap between surface type 5b and the rest of the ooid; it is hypothesized that this

spiral structure formed inside the shell of a microscopic organism, the shell then

dissolving to leave this gap. It is also possible that this shell was the nucleus for

this particular ooid’s growth.

Figure 3.14: Ketton: high magnification SEM micrograph of surface type 5
A high magnification low-vacuum SEM micrograph depicting an example of surface type

5 as defined in Figure 3.7; the inside of the ooid grain shell.

The second low-vacuum SEMmicrograph overlay for the Ketton sample, Figure 3.8

(page 98), shows a sixth surface type. In the first overlay in Figure 3.7 (page 97), the

open ooid grain present has large crystallites inside, which make up surface types

5a and 5b. Figure 3.8 also shows an open ooid grain structure, however this larger

crystallite layer of surface type 5 is missing. From the higher magnification images

of this region, shown in Figure 3.15, the structure appears to be similar to that seen
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in surface types 3 and 4, with crystallite sizes < 1 µm. This suggests that this is an

internal view of an ooid grain shell, as opposed to the cross section, surface type 3

(Figure 3.12) or the outer view, surface type 4 (Figure 3.13), which perhaps used to

have a larger crystallite layer on top, such as surface type 5, which would have then

been removed during sample preparation.

(a) (b)

Figure 3.15: Ketton: high magnification SEM micrographs of surface type 6
High magnification low-vacuum SEM micrographs of Ketton surface type 6, as defined in

Figure 3.8; the inside of the ooid grain shell, as perhaps one might find underneath
surface type 5.

Overall, Ketton presented six distinct surface types, a summary of which can be

found in Table 3.2. The largest pores in these ooid structures occur from the network

of gaps between the grains, and so this is where the majority of the fluid flow will

likely be during oil extraction through these types of materials. The most important

fluid-solid interactions to understand for predicting fluid flow will therefore occur

with the external surfaces of these ooid grains, so predominantly surface type 1, but

also the damaged external surface type 2 and fractured surface type 4. Given that

Ketton grains themselves are also porous, there will also be flow across surface types

3, 5 and 6, so understanding the fluid-solid interactions with these surfaces will also

be of use in predicting reservoir behaviour, even if they play a lesser role due to
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the pore sizes being much smaller. The heterogeneity shown here on the surfaces

of these grains, in addition to the complex pore geometries which form between the

ooid grains, demonstrates the clear need for characterisation of this material across

multiple length scales in order to fully understand fluid flow behaviour within its

structure.

Type Description Feature size range

1
Intact ooid grain surface, covered with smooth crys-
tallites

0.5 - 4 µm

2 Ooid grain surface with spikey structures on top
0.5 - 4 µm with
< 1 µm spikes

3 Ooid grain shell cross-section, irregular crystallites < 1 µm

4
Fractured ooid grain shell exterior, irregular crystal-
lites

< 1 µm

5 Large crystallites inside of ooid grain 1 - 15 µm

6
Fractured ooid grain shell interior, irregular crystal-
lites

< 1 µm

Table 3.2: Summary of the Ketton surface types
A summary of the different surface types identified on the Ketton sample: qualitative
descriptions of the surfaces and estimated feature size ranges are given based on the

information provided by the low-vacuum SEM micrographs.
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3.2.3 Estaillades

Low-vacuum SEM micrographs were collected of two areas on an Estaillades surface,

with a selection of these micrographs overlain to create two larger images, shown in

Figures 3.16 and 3.17. These overlays give wider fields of view of the rock surface,

where four different surface types have been identified and labelled in both Figures.

Figure 3.16: Estaillades: SEM Overlay 1
An overlay of low-vacuum SEM micrographs of Estaillades rock. Numbers label

examples of the different surface types observed on the surface. Individual images can be
found in Appendix B, Figures B.50 - B.55.
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Figure 3.17: Estaillades: SEM Overlay 2
An additional overlay of two low-vacuum SEM micrographs of Estaillades rock, with
numbers equivalent to those in 3.16 labelling examples of the different surface types
observed on the surface. Individual images can be found in Appendix B, Figures B.56

and B.57.
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Upon initial observation of Figures 3.16 and 3.17, surface types 1 and 2 are

hypothesized to be artificially generated surfaces. Surface type 1 is much flatter and

smoother than the rest of the visible surface of the material, as shown at higher

magnification in Figure 3.18. It is proposed that this surface type 1 was generated

during the cutting stage of sample preparation, which is supported by it appearing

to be the most elevated section of the visible surfaces in both overlays. Surface type

2, shown in greater detail in Figure 3.19, which is found adjacent to surface type 1

in both overlays, is proposed to be a rougher product of the cutting process, where

the surface structures have shattered next to the cleaved area, surface type 1, to

produce a sort of calcite “rubble”.

Estaillades surface types 3 and 4 are shown in greater detail in Figures 3.20 and

3.21 respectively, and both represent surfaces containing crystallites of similar sizes

with smooth faces and edges. The distinction between surface types 3 and 4 comes

from the crystallite sizes present in each region. Surface type 4 exclusively shows

the smaller crystallites, on the order of 1 - 2 µm in size, whereas surface type 3

contains larger crystallites, 5 - 10 µm across, in addition to the smaller crystallites.

Figure 3.20 shows two sub-types present in surface type 3; the larger crystallites in

sub-type 3a (Figure 3.20a) are similar in shape to the crystallites seen in surface

type 4, whereas sub-type 3b (Figure 3.20b), shows an almost step-like formation on

some of the crystallite surfaces. These “steps” could be similar to the calcite surface

type 1 previously observed (Figure 3.4, page 95), and would therefore be the result

of the calcite crystallite being cleaved such that the crystal plains become visible.
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Figure 3.18: Estaillades: high magnification SEM micrograph of surface type 1
A high magnification low-vacuum SEM micrograph of Estaillades surface type 1 as

defined in Figures 3.16 and 3.17; a cleaved surface likely generated during the cutting
stage of sample preparation.

Figure 3.19: Estaillades: high magnification SEM micrograph of surface type 2
A high magnification low-vacuum SEM micrograph of Estaillades surface type 2 as
defined in Figures 3.16 and 3.17, which is proposed to be a residue produced during

cutting, sitting adjacent to the cleanly cleaved sites making up Estaillades surface type 1.
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(a) (b)

Figure 3.20: Estaillades: high magnification SEM micrographs of surface type 3
Two high magnification low-vacuum SEM micrograph of Estaillades of the two sub-types
within surface type 3. (a) Represents sub-type 3a, the larger crystallites being similar in

shape to the smaller crystallites. (b) Represents sub-type 3b which has a “step”
formation visible on the surface

Table 3.3 summarises the four surface types identified for the Estaillades surface.

Surface types 3 and 4 are likely to be “natural” areas, left un-altered by the cutting

process due to their being deeper into the structure. Since these surface types are

assumed to be un-altered, they are therefore likely to be the more representative and

relevant surfaces when compared to the “real” surfaces in reservoirs for oil recovery

applications. Surface types 1 and 2, despite being proposed to be artificially gener-

ated, are still of interest for fluid flow predictions, as similar surfaces may form in

reservoirs when rocks are fractured. In addition to their role in fluid-flow modelling,

all of these surface types are important to identify, such that the topographical im-

ages generated in the SICM and AFM could be appropriately assessed in Sections

3.3.3 and 3.4.2 later in this chapter.
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Figure 3.21: Estaillades: high magnification SEM micrograph of surface type 4
A high magnification low-vacuum SEM micrograph of Estaillades surface type 4, showing

small crystallites similar in shape to those seen in surface type 3a (Figure 3.20a).

Type Description Feature size range

1
Flat regions caused by cutting during sample prepa-
ration

N/A

2
Fractured regions adjacent to flat regions, result of
cutting

0.5 - 2 µm

3a Large, intact crystallites
5 - 10 µm

3b
Large crystallites, fractured to reveal a step-like
structure

4 Small, intact crystallites 1 - 2 µm

Table 3.3: Summary of the Estaillades surface types
A summary of the different surface types identified on the Estaillades sample: qualitative

descriptions of the surfaces and estimated feature size ranges are given based on the
information provided by the low-vacuum SEM micrographs.
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3.2.4 Indiana

Indiana, the third carbonate outcrop rock investigated, was also studied using low-

vacuum SEM. Figure 3.22 shows an overlay of a selection of the SEM micrographs

collected, where five surface types of interest have been identified and labelled.

Figure 3.23 shows a low magnification micrograph of a second region on the surface

of Indiana where these five surface types can also be observed, and are labelled once

more for clarity.

As was observed on the Ketton and Estaillades surfaces, the more elevated re-

gions on the surface of Indiana appear to have been cleaved during the cutting stage

of sample preparation. These areas are not as flat on the Indiana surface as were

seen in Ketton surface type 3 (Figure 3.12, page 102) or Estaillades surface type 1

(Figure 3.18, page 109), however as can be seen more clearly from the higher magni-

fication SEM micrograph in Figure 3.24, Indiana surface type 1 is one of the flatter

areas visible on the surface of the Indiana sample. The small criss-crossing straight

lines are proposed to be edges of calcite crystal planes, although they could also be

a result of the cutting process.
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Figure 3.22: Indiana: SEM Overlay 1
An overlay of low-vacuum SEM micrographs of Indiana rock. Different surface types of
interest are labelled 1-5 on the Figure. Individual images can be found in Appendix B,

Figures B.77 - B.82.
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Figure 3.23: Indiana: SEM Overlay 2
A low-vacuum SEM micrograph of Indiana, showing surface types 1-5 as defined in
Figure 3.22. The micrograph without numbers overlain can be found in Appendix B,

Figure B.83.

Figure 3.24: Indiana: high magnification SEM micrograph of surface type 1
A high magnification low-vacuum SEM micrograph of Indiana surface type 1, as defined
in Figure 3.22, proposed to be a result of the cutting process during sample preparation.
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Indiana surface type 2, examples of which are shown at greater magnification in

Figure 3.25, appears to be composed of exposed crystal planes in a calcite crystallite.

These structures are similar to what was observed for calcite surface type 1 and 2 on

pages 95-95, and Estaillades surface sub-type 3b, an example of which is presented

next to the low-vacuum SEMmicrograph of Indiana from Figure 3.25a in Figure 3.26.

Across Figures 3.22 and 3.23, some variation is seen within Indiana surface type 2,

which is captured in the selection of high-magnification SEM micrographs shown in

Figure 3.25. These differences could have occurred for a number of reasons. The

edges of the crystal planes are much straighter in Figures 3.25a and 3.25b than in

Figure 3.25c, which could indicate that the cleavage did not occur cleanly, along one

crystal plane edge, in this region of the sample. The differences in step heights on

different regions of the surface could be due to differences in crystal plane orientation

relative to the cleavage plane. The shallower steps in Figure 3.25a and 3.25b could

indicate that the crystal planes were near-parallel to the cleavage plane, while the

deeper steps in Figure 3.25c could be the result of the crystal planes sitting more

perpendicular to the cleavage plane.

Indiana surface types 3 and 4 as identified in Figures 3.22 and 3.23 are shown at

higher magnification in Figure 3.27. Figure 3.27 also shows the Estaillades surfaces

which most resemble Indiana surface types 3 and 4. Indiana surface type 3, which is

made up of small irregular crystallites, is similar in appearance to Estaillades surface

type 2; examples of both surfaces captured via low-vacuum SEM are presented side

by side in Figures 3.27a and 3.27b. Indiana surface type 3 and Estaillades surface

type 2 are proposed to be a result of fracturing during cutting, particularly in the
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(a) (b)

(c)

Figure 3.25: Indiana: high magnification SEM micrographs of surface type 2
Three high magnification low-vacuum SEM micrographs of Indiana surface type 2,

depicting the variations of step-like formations on the surface proposed to be the result
of different calcite cleavages, as observed in Figures 3.22 and 3.23.

(a) (b)

Figure 3.26: Indiana surface type 2a and Estaillades surface type 3b
Two high magnification low-vacuum SEM micrographs showing repeats of a) Indiana

surface type 2a, which is similar to b) Estaillades surface type 3b.
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case of Estaillades, as surface type 2 is found adjacent to the regions which appear

to have been cut cleanly, referred to as Estaillades surface type 1. This correlation

is not quite so evident from the images of Indiana in Figures 3.22 and 3.23, however

Indiana surface type 3 is exclusively observed on the more elevated regions, so it is

still possible that this is indeed a surface type generated during sample preparation,

rougher than Indiana surface types 1 and 2, and not a naturally occurring surface.

(a) (b)

(c) (d)

Figure 3.27: Indiana surface types 3 and 4 and Estaillades surface types 2 and 3a
Four high magnification low-vacuum SEM micrographs showing repeats of a) Indiana
surface type 3, which is similar to b) Estaillades surface type 2, and c) Indiana surface

type 4 which is similar to d) Estaillades surface type 3a.
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Indiana surface type 4 is made up of large, intact crystallites with smooth faces

and are visible in patches across both Figures 3.22 and 3.23. This surface type is

highlighted in the high magnification low-vacuum SEM micrograph in Figure 3.27c,

underneath surface type 3. These larger intact crystallites of Indiana’s surface type 4

are similar to Estaillades surface sub-type 3a, which was also made up of large, intact

calcite crystallites, as shown in Figure 3.27d.

Indiana surface type 5, as defined across Figures 3.22 and 3.23, is characterised

as being comprised of small, smooth-sided crystallites, and is divided into three sub-

types, 5a, 5b and 5c, based on the size distributions of the crystallites in each region.

Four high-magnification low-vacuum SEM micrographs of these three sub-types are

shown in Figure 3.28. This Indiana surface is most similar to Estaillades surface

type 4, which was also composed of small, smooth-sided crystallites. As was the

case for Estaillades surface type 4, Indiana surface type 5 is proposed to represent

naturally occurring surfaces, as they appear in the more recessed sections of the

surfaces under investigation. Indiana surface type 5a is shown side by side with

Estaillades surface type 4 in Figure 3.29 for comparison.

As already noted, surface type 5 is sub-divided into three sub-types: 5a, 5b and

5c, and labelled as such on the wider field of view overlays of the low-magnification

micrographs in Figures 3.22 and 3.23. All surface type 5 sub-types are made up

of crystallites of < 10 µm. Surface type 5a (Figure 3.28a) is predominantly made

up of 5 - 10 µm crystallites, with some smaller crystallites < 1 µm. Surface type

5b (Figures 3.28b and 3.28d) has comparatively fewer crystallites exceeding 5 µm,

with the majority of the crystallites being on the order of 1 µm. Surface type 5c
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(a) (b)

(c) (d)

Figure 3.28: Indiana: high magnification SEM micrographs of surface type 5
The three sub-types present in surface type 5; 5a shown in (a), 5b shown in (b) and (d)
and 5c in (c). (a), (b) (c) are high magnification low-vacuum SEM micrographs from
the region depicted in Figure 3.22, and (d) from the region depicted in Figure 3.23.

(a) (b)

Figure 3.29: Indiana surface type 5a and Estaillades surface type 4
Two high magnification low-vacuum SEM micrographs showing repeats of a) Indiana

surface type 5a, which is similar to b) Estaillades surface type 4.
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(Figure 3.28c) is comprised of entirely < 5 µm crystallites, the majority being 1 -

2 µm in size. These are perhaps minor differences when looking at the surfaces from

a wider field of view, however these differences could be more noticeable during

SICM and AFM measurements. Image sizes acquired with these SPMs range from

2 × 2 - 10 × 10 µm, and so these sub-types have been assigned for the benefit of

integration with the topographical measurements, found later on in this chapter in

Sections 3.3.4 and 3.4.3.

The five surface types which were identified across the low-vacuum SEM micro-

graphs of Indiana are summarised in Table 3.4. In terms of areas of interest for

understanding fluid flow in these rock systems, surface types 4 and 5 appear to

have been unaffected by sample preparation, and represent smooth-sided, reason-

ably rounded crystallites of a variety of sizes, ranging from approximately 100 µm

in surface type 4 down to < 1 µm in surface type 5. As was concluded with the

similar surface types 1 and 2 in Estaillades, even though Indiana surface types 1 -

3 are proposed to be artificially generated, these fractured surfaces could also occur

in the context of an oil and gas reservoir, so they are still of interest to study for

reservoir modelling applications.
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Type Description Feature size range

1
Flat regions caused by cutting during sample prepa-
ration

N/A

2
Large crystallites fractured to reveal a step-like
structure

0.2 - 3 µm

3
Fractured regions adjacent to flat regions, result of
cutting

1 - 2 µm

4 Intact, large crystallites > 10 µm

5a 5 - 10 µm

5b (a-c) Intact, small crystallites
Mostly 1 - 2 µm,
minority > 5 µm

5c
Mostly 1 - 2 µm,
entirely < 5 µm

Table 3.4: Summary of the Indiana surface types
A summary of the different surface types identified on the Indiana sample: qualitative
descriptions of the surfaces and estimated feature size ranges are given based on the

information provided by the low-vacuum SEM micrographs.
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3.3 Scanning Ion Conductance Microscopy

SICM has been used for the first time in oil and gas applications to determine

whether rock samples were compatible with the technique, and what information

could be gained from incorporating its use into a digital rock workflow. Topograph-

ical maps were acquired of the calcite, Ketton, Estaillades and Indiana surfaces, and

a correlative approach was used to assign each image to one, or a narrowed-down

shortlist, of the surface types defined in Section 3.2. Summaries of these assigned

types are given in the relevant sections below, but can also be found in Tables 3.1,

3.2, 3.3 and 3.4 on pages 96, 105, 111 and 121 for calcite, Ketton, Estaillades and

Indiana respectively.

3.3.1 Calcite

A calcite crystal was imaged using SICM to provide a reference for the calcite step

heights and feature sizes observed in the more complex outcrop rocks: Ketton,

Estaillades and Indiana. As summarised in Table 3.1 on page 96, the calcite surfaces

investigated by low-vacuum SEM highlighted four distinct surface types: 1 and 2

showed step-like structures, presumed from where cleavage had occurred diagonally

to the calcite crystal planes; the former represented deep steps of > 10 µm, where

the latter showed shallower steps of < 10 µm. It is not possible from these low-

vacuum SEM micrographs to determine the height of the steps across these two

surface types. Surface types 3 and 4 showed predominantly flat crystal planes of

calcite, surface type 4 representing the areas in the flat surface were small dents can

be found, revealing multiple layers of calcite crystal planes beneath. Calcite surface
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type 1 contains features too large, > 10 µm, to capture within the largest field of

view used in SICM imaging, 10 × 10 µm, and so no examples were identified in

the SICM images presented below, however examples of surface types 2 - 4 were

identified and are presented in Figures 3.30 - 3.35.

The SICM image shown in Figure 3.30 has been assigned as belonging to calcite

surface type 2 due to the presence of step-like structures, and these steps being

< 10 µm deep. Three height profiles along the lines A - C labelled in Figure 3.30b

are shown in Figure 3.30c. These profiles demonstrate the variation in step heights

on this surface type, ranging from 0.6 - 2 µm. Two other SICM images of surface type

2 are shown in Figure 3.31; these SICM images are of the same region as each other,

the smaller 5 × 5 µm image shown in Figure 3.31b providing a higher resolution

view of the centre of the 10 × 10 µm image in Figure 3.31a. The image shown

in Figure 3.31c is the same SICM image as Figure 3.31b, but with an equalisation

function applied to compensate for the, presumed erroneous, bright spot in the top

right hand corner of the image. Use of this equalisation allows for improved visual

comparison with the larger field of view SICM image presented in Figure 3.31a.

Excellent agreement in feature heights between the two images shown in Fig-

ure 3.31 is shown in Figure 3.32 by profiles A and B which sit across what appears

to be the same region in Figures 3.32a and 3.32b respectively. A third profile,

shown in Figure 3.33, displays the height changes across the line labelled C in Fig-

ure 3.32b, highlighting two other step-like structures in this region approximately 1

and 1.25 µm high. This is in agreement with the previous SICM image of calcite

surface type 2 (Figure 3.30), which showed step heights ranging from 0.6 - 2 µm.
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(a) (b)

(c)

Figure 3.30: Calcite: 10 × 10 µm SICM image of surface type 2
(a) shows a 10 × 10 µm SICM topographical image with a pixel size of 100 × 100 nm of
what is proposed to be calcite surface type 2 as defined in Section 3.2.1. (b) shows the
same SICM images with three lines labelled A - C, height profiles along which are shown

in (c), each profile depicted from the top right to bottom left of their lines in (b).
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(a)

(b) (c)

Figure 3.31: Calcite: two SICM images of the same region of surface type 2
Two SICM topographical images of the same region, proposed to be part of calcite

surface type 2 as defined in Section 3.2.1. (a) shows a 10 × 10 µm SICM topographical
image with a pixel size of 100 × 100 nm. (b) shows a 5 × 5 µm SICM topographical

image with a pixel size of 50 × 50 nm; (c) shows image (b) with an equalization function
applied. The area shown across figures (b) and (c) shows the region in the centre of

figure (a) at higher magnification.
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(a) (b)

(c)

Figure 3.32: Calcite: height profiles across two SICM images of surface type 2
(a) and (b) show two SICM images from Figure 3.31, with three lines, A - C, labelled.
(c) Shows the height profiles along lines A and B, from top right to bottom left, which

appear to be of the same region. The height profile labelled C in (b) is shown in
Figure 3.33.
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Figure 3.33: Calcite: height profile across an SICM image of surface type 2
A height profile along the line C shown in Figure 3.32b from the top right to the bottom

left of the line.

The region of the surface shown in Figure 3.31 does not have as clean a step-

like structure as was seen in Figure 3.30, with smaller, < 2 µm, features present

being reminiscent of calcite surface type 4. However, from the low-vacuum SEM

micrographs in Section 3.2.1, calcite surface type 4 appears to present as quite

shallow dents in the surface; given the > 2 µm scale bar on Figure 3.31a, and

numerous step heights of > 1 µm being shown in Figure 3.33, this region is therefore

proposed to be best assigned as belonging to calcite surface type 2.

The SICM images across Figures 3.34 and 3.35 show regions which are thought

to be of surface type 3 or 4, as they are predominantly flat with small raised features

present on the surface and < 1 µm scale bars. The SICM images in Figures 3.35a and

3.35c both show small, bright spots on them which mask the topography beneath.

These bright spots are presumed to be erroneous, caused by temporary, partial

blocking of the nanopipette tip, as there were no vertical structures 5 - 7 µm high
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and < 50 nm deep observed on the calcite surface when imaged under low-vacuum

SEM, nor were such structures observed in the literature at the time of writing.

As such, an equalisation was applied to both, producing the images presented in

Figures 3.35b and 3.35d respectively. Height distribution plots for Figures 3.35a and

3.35c are shown in Figure 3.36 to illustrate the justification for using an equalisation

function on these two images. As labelled on the graphs, both regions show the vast

majority of their pixels below 1 or 1.1 µm, with a handful of bright pixels around

5 - 8 µm, and as such there is clear justification to manually narrow the colour scale

to focus in on the information of interest.

Figure 3.34: Calcite: 2 × 2 µm SICM image of surface type 3 or 4
A 2 × 2 µm SICM topographical image with a pixel size of 25 × 25 nm of what is

proposed to be calcite surface type 3 or 4 as defined in Section 3.2.1.
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(a) (b)

(c) (d)

Figure 3.35: Calcite: two SICM images of surface type 3 or 4
Two SICM topographical images of what is proposed to be calcite surface type 3 or 4 as
defined in Section 3.2.1. (a) shows a 5 × 5 µm SICM image with a 50 × 50 nm pixel size
and (c) shows a 10 × 10 µm SICM image with a 100 × 100 nm pixel size. (b) and (d)

show the SICM images from (a) and (c) with an equalisation function applied
respectively.
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(a)

(b)

Figure 3.36: Height distribution plots for SICM images of surface type 3 or 4
The height distribution plots for the SICM images in (a) Figure 3.35a and (b)

Figure 3.35c. Pixel counts expressed as percentages are given for certain height ranges of
interest.
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Overall, three out of the four surface types identified in the low-vacuum SEM

micrographs of the calcite surface were assigned to the SICM images presented

here. In particular, the step-heights found across surface type 2 were useful for

comparison with some of the structures observed on the carbonate outcrop rock

samples presented later in this chapter. The surface type not assigned, surface type

1, would not have been possible to identify due to its distinctive features being larger

than the largest SICM scans used, 10 × 10 µm, and as such was not anticipated to

be identified.
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3.3.2 Ketton

In Section 3.2.2, six Ketton surface types were defined from the low-vacuum SEM

micrographs shown in the overlays in Figures 3.7 and 3.8 (pages 97 and 98 respec-

tively). These were defined as 1) the intact Ketton grain surface, 2) the effect on a

Ketton grain surface where a second grain used to be in contact, 3) the cross section

of a fractured grain shell, 4) the surface of a fractured grain shell, 5) the larger crys-

tallites present on the inside of the grain and 6) the inside of a fractured grain shell,

without larger crystallites. A summary of the feature shapes and sizes associated

with these surface types was shown in Table 3.2, page 105. These categories, and the

feature sizes observed, served as a guide when looking at the SICM images presented

below, providing a means to place these smaller field of view images within the wider

context of the outcrop rock surface observed in the low-vacuum SEM micrographs.

Figure 3.37 below shows a 3 × 3 µm SICM topographical image with a pixel

size of 30 × 30 nm, and is proposed to belong to surface type 1, as the features are

on the order of 1 µm across, and the individual surfaces of the visible grains are

themselves quite smooth. The features are more elongated in shape than was seen

for surface type 1 in the low-vacuum SEM micrographs, and are instead closer in

shape to the crystallites observed in surface type 5. However, the shapes are not

identical to what was observed for surface type 5, and the crystallite sizes are much

smaller, which were on the order of 1 - 15 µm for surface type 5, so this region was

ultimately assigned as being of the outside of a Ketton ooid grain, surface type 1.
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Figure 3.37: Ketton: 3 × 3 µm SICM image of surface type 1
A 3 × 3 µm SICM topographical image with a pixel size of 30 × 30 nm of what is

proposed to be Ketton surface type 1 as defined in Section 3.2.2.

Ketton surface type 2 is the rough ooid grain surface left behind after a grain

is removed, creating a spikey surface on top of the smooth crystallites. Figure 3.38

shows a 10 × 10 µm SICM topographical image with a pixel size of 100 × 100 nm,

which depicts crystallites 1 - 2 µm in size but with a rougher surface texture than

those seen in Figure 3.37. It is therefore proposed that this image captures a section

of Ketton surface type 2, the rough shape of the crystallites on the ooid grain surface

still visible with a “spikey” texture on top.

Ketton surface types 3, 4 and 6 are difficult to distinguish from one another

when looking at the SICM topographical images due to their narrower field of view.

As all three areas show fractured shell surfaces, but from different perspectives,

they have similar crystallite sizes and shapes, which make them very similar at this
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Figure 3.38: Ketton: 10 × 10 µm SICM image of surface type 2
A 10 × 10 µm SICM topographical image with a pixel size of 100 × 100 nm of what is

proposed to be Ketton surface type 2, as defined in Section 3.2.2.

high magnification. The trio of 2 × 2 µm SICM topographical images presented

in Figure 3.39 are proposed to depict one of Ketton surface types 3, 4 or 6, due

to the crystallite size being on the order of 100 nm. The regions captured in the

SICM image in Figure 3.39 are also much flatter than those previously attributed

to Ketton surface types 1 and 2, with the largest height range being only 2.29 µm,

compared to those seen in Figures 3.37 and 3.38, which have height ranges of 6.06 and

7.39 µm. This assessment aligns with how Ketton surface types 1 and 2 appeared in

comparison to surface types 3, 4 and 6 in the SEM micrographs in Section 3.2.2. It

should also be noted that the trio of SICM images in Figure 3.39 overlap with one

another, and so all belong to only one of the surface types 3, 4 and 6; the bottom

left of Figure 3.39a overlaps with the top right of Figure 3.39b, and the top right of

Figure 3.39b can be seen in the middle of Figure 3.39c.
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(a)

(b) (c)

Figure 3.39: Ketton: Three 2 × 2 µm SICM images of surface type 3, 4 or 6
Three 2 × 2 µm SICM topographical images taken of overlapping sites with pixel sizes of

20 × 20 nm of what is proposed to be Ketton surface type 3, 4 or 6 as defined in
Section 3.2.2.
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Two additional SICM topographical images are shown in Figure 3.40 which are

also proposed to belong to a fractured ooid shell surface; surface types 3, 4 or 6. The

regions in Figure 3.40 are rougher than those shown in Figure 3.39; root mean square

(RMS) roughnesses for each SICM image are given in Table 3.5 for comparison.

Given the increased roughness observed in Figure 3.40, it is possible that Figure 3.39

shows three images of Ketton surface type 6, a smoother surface made up of one ooid

shell layer, and Figure 3.40 shows two images from Ketton surface types 3 or 4, which

are likely to be rougher due to multiple ooid shell layers being exposed. Additionally,

the pores visible on the surface in Figures 3.39b and 3.39c are similar in size to those

observed in the high magnification low-vacuum SEM micrograph for Ketton surface

type 6, shown in Figure 3.15b (page 104), both techniques showing pores estimated

to be on the order of 200 - 400 nm across. Although these roughness measurements

could be indicative of an assignment towards one of the three fractured ooid shell

surface types 3, 4 or 6, it is not possible to categorically state which of the Ketton

types these five SICM images belong to.
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Proposed Surface Type Figure # RMS Roughness

6

3.39a 0.1466

3.39b 0.1160

3.39c 0.1439

3 or 4
3.40a 0.4948

3.40b 0.8061

Table 3.5: RMS roughnesses for Figures 3.39 and 3.40

RMS roughnesses and proposed surface type assignments for the five SICM images
shown across Figures 3.39 and 3.40. It can be observed that SICM images shown in
Figure 3.39 have considerably lower roughnesses than those shown in Figure 3.40.

(a) (b)

Figure 3.40: Ketton: two SICM images of surface type 3, 4 or 6
(a) 5 × 5 µm and (b) 7.6 × 7.6 µm SICM topographical images with pixel sizes of (a)

25 × 25 nm and (b) 100 × 100 nm of what is proposed to be Ketton surface type 3, 4 or
6 as defined in Section 3.2.2.
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Overall, SICM has been used to map the majority of the different Ketton surface

types identified from the low-vacuum SEM micrographs in Section 3.2.2. The ability

to provide RMS roughness values from these topographical maps provides additional

insight into these surface types, which can not be derived from the low-vacuum SEM

micrographs alone.

No examples of surface type 5 were found across the SICM images of Ketton

which were collected during this study. Given the size of the crystallites in the re-

gions labelled as surface type 5, many being > 10 µm across (Figure 3.14, page 103),

it is possible that these regions present a sizeable challenge in terms of SICM map-

ping, as the notable and sudden height changes would likely lead the pipette tip to

crash into the surface and break. Additionally, surface type 5 was only found in

one ooid grain within the two regions shown in the overlays in Figures 3.7 and 3.8

(pages 97 and 98), so it is possible that this surface type is rarer than the the others,

reducing its likelihood of being imaged with the SICM.

Despite the potential limitations associated with the mapping of surface type 5,

examples of all of the other surface types were found in the SICM images of Ketton.

The range of surface types successfully imaged by the SICM shows promise for the

technique being used in further studies of this outcrop rock.
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3.3.3 Estaillades

Estaillades showed four distinct surface types in Section 3.2.3, labelled on the SEM

micrographs in Figures 3.16 and 3.17 on pages 106-107. These surface types can be

summarised as: 1) the flatter areas caused directly by the cutting procedure used

to prepare the samples, 2) the fractured areas next to surface type 1, likely a by-

product of the cutting, 3) the intact areas with larger crystallite sizes, 5 - 10 µm

across and 4) the intact areas with smaller crystallite sizes, 1 - 2 µm across.

Figure 3.41 shows a 2 × 2 µm SICM topographical image of a region which

is proposed to belong to Estaillades surface type 1. A height distribution plot in

Figure 3.41b, showing the numbers of pixels per recorded heights, shows a narrow

height distribution, where approximately 97 % of pixels can be seen to be within

the range of 135 - 350 nm, and 99.96 % of points sit below 361 nm high relative

to the lowest point. The bright pixel in the top right of Figure 3.41a therefore, at

approximately 1.1 µm above the lowest point can probably be disregarded as erro-

neous. This height distribution, combined with a relatively low RMS roughness of

0.0580, indicates that this image was taken of a reasonably flat surface, possibly one

generated during sample preparation, and is therefore assigned as a region belonging

to surface type 1.

Two 2 × 2 µm SICM topographical images of what are proposed to be from

Estaillades surface type 2 are shown in Figure 3.42. These images show areas with

≤ 1 µm crystallite sizes, smaller than those observed in Estaillades surface type 4,

but larger than the texture in Estaillades surface type 1. They are also rougher than

the area in Figure 3.41, with RMS roughnesses of 0.2596 and 0.6158 for Figures 3.42a
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(a)

(b)

Figure 3.41: Estaillades: 2 × 2 µm SICM image of surface type 1
a) A 2 × 2 µm SICM topographical image with a pixel size of 40 × 40 nm of what is
proposed to be Estaillades surface type 1 as defined in Section 3.2.3. b) Annotated

height distribution plot of the topographical image in (a).
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and 3.42b respectively, with wider relative height distributions which can be seen in

Figure 3.43. In comparison to the SICM capture of surface type 1, which showed

90 % of points in a 200 nm wide range from 200 - 400 nm high relative to the lowest

point, 3.42a has 93 % of points spread across a 1 µm range, between 0.5 - 1.5 µm

high relative to the lowest point, and 3.42b has 90 % of points spread across a 2 µm

range, from 0.5 - 2.5 µm high relative to the lowest point. Due to this greater

roughness than Estaillades surface type 1 (Figure 3.41), yet smaller crystallite sizes

than Estaillades surface types 3 and 4, the areas shown in Figure 3.42 are assigned

as part of Estaillades surface type 2.

(a) (b)

Figure 3.42: Estaillades: two 2 × 2 µm SICM images of surface type 2
Two 2 × 2 µm SICM topographical images with pixel sizes of (a) 40 × 40 nm and (b)

25 × 25 nm of what is proposed to be Estaillades surface type 2 as defined in
Section 3.2.3.
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(a)

(b)

Figure 3.43: Estaillades: height distributions of surface type 2
Height distribution plots for the SICM topographical images of Estaillades surface type 2

shown in a) Figure 3.42a and b) Figure 3.42b.
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Proposed Surface Type Figure # RMS Roughness

1 3.41a 0.0580

2
3.42a 0.2596

3.42b 0.6158

Table 3.6: RMS roughnesses for Figures 3.41 and 3.42

RMS roughnesses and proposed surface type assignments for the three SICM
images shown across Figures 3.41 and 3.42.

There are of course intersections between surface types, which is possibly cap-

tured in Figure 3.44. The areas depicted in Figures 3.44a and 3.44b overlap with

each other, the right hand side of Figure 3.44a visible on the left hand side of

Figure 3.44b. Towards the left of Figure 3.44a the edges of a few large, smooth crys-

tallites can be seen. Their exact sizes are unknown, as no one crystallite is visible

in its entirety, however the sides that can be seen are larger than the crystallites in

Estaillades surface type 4, 1 - 2 µm across, so are proposed to be part of Estaillades

surface type 3, which has crystallite sizes typically 5 - 10 µm. Towards the right of

Figure 3.44a, and filling almost the entirety of Figure 3.44b is a rougher, grainier

surface than the smooth structures in the bottom left of 3.44a. The contrast between

these surfaces in shown in Figure 3.45, where two height profiles are overlain; one

profile taken across the surface type 3 section visible in Figure 3.44a, labelled “A”,

and one taken across the are type 2 section visible in Figure 3.44b, labelled “B”.

Figure 3.45b shows the two height profiles overlain so that the difference between the

smooth and rough crystallites can be readily visualised. The surfaces shown across

profile A are much smoother than those across profile B, which is in agreement with

assignment of the region which profile A traverses belonging to Estaillades surface

type 3 and the region which B traverses belonging to Estaillades surface type 2.
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(a) (b)

Figure 3.44: Estaillades: two 5 × 5 µm SICM images of surface types 2 and 3
Two 5 × 5 µm SICM topographical images taken of overlapping sites with pixel sizes of
50 × 50 nm of what is possibly the intersection between Estaillades surface types 2 and 3

as defined in Section 3.2.3.

Examples of Estaillades surface type 3, composed of the larger, smooth crystal-

lites approximately 5 - 10 µm across, are shown in Figure 3.46. Figures 3.46a, 3.46b

and 3.46c show 5 × 5 µm SICM topographical images, and Figure 3.46d shows a

10 × 10 µm SICM topographical image. The three 5 × 5 µm images show crys-

tallites too large to be fully captured in this image size, but they are clearly much

larger than the 1 - 2 µm crystallites of surface type 4, so are assigned as surface

type 3. The 10 × 10 µm image has a wide enough field of view to capture a few full

lengths of some of the crystallites, which measure 8.1 µm ± 0.1 µm, 5.4 µm ± 0.1 µm

and 3.9 µm ± 0.1 µm across (Figure 3.47), which confirms that this area belongs to

Estaillades surface type 3, but also demonstrates the diversity of this surface type,

even in such a small sample size.
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(a)

(b)

Figure 3.45: Estaillades: height profiles of surface types 2 and 3
Height profiles from the SICM topographical images shown in Figure 3.44 of the two
Estaillades surface types visible; 2 and 3. a) shows the lines across which the profiles
were taken, and b) shows the height profiles themselves, profiles “A” and “B” referring
to the images in Figures 3.44a and 3.44b respectively; “A” an example of a surface type

3 profile, and “B” an example of a surface type 2 profile.
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(a) (b)

(c) (d)

Figure 3.46: Estaillades: four SICM images of surface type 3
Four SICM topographical images of what is proposed to be Estaillades surface type 4 as

defined in Section 3.2.3. (a), (b) and (c) are 5 × 5 µm images with a pixel size of
50 × 50 nm, and (d) is a 10 × 10 µm image with a pixel size of 100 × 100 nm.
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Figure 3.48 shows a 5 × 5 µm SICM topographical image which is proposed to

be an image of Estaillades surface type 4, alongside a low-vacuum SEM micrograph

of surface type 4, originally shown in Figure 3.21 on page 111 for comparison. This

area is composed of smaller crystallites than were seen in the images of surface type

3 in Figure 3.46, yet they still have smooth surfaces so are not presumed to be part

of surface type 2. Some example crystallite sizes have been labelled in Figure 3.48b,

showing crystallites of 2.7 µm ± 0.05 µm, 1.8 µm ± 0.05 µm and 1.5 µm ± 0.05 µm

across. The crystallite which has been measured as 2.7 µm ± 0.05 µm is partially

hidden by the crystallites above it, so it is possible that it is much larger than

visible from this image. Figure 3.48 could therefore be depicting an intersection

between Estaillades surface types 3 and 4, with smaller crystallites hiding the larger

crystallites below.
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Figure 3.47: Estaillades: crystallite measurement of surface type 3
The 10 × 10 µm SICM topographical image with a pixel size of 100 × 100 nm previously

shown in Figure 3.46d, with measured crystallite lengths.

The SICM has overall found success in mapping the range of regions on the

Estaillades surface, capturing examples of all four surface types. This is encouraging

not only as it shows SICM’s suitability for the topographical mapping of this sample,

but also going forward as it lays the groundwork for surface charge mapping using

SICM of all Estaillades surface types in future work.

148



(a) (b)

(c)

Figure 3.48: Estaillades: 5 × 5 µm SICM image of surface type 4
a) A 5 × 5 µm SICM topographical image with a pixel size of 50 × 50 nm of what is

proposed to be Estaillades surface type 4 as defined in Section 3.2.3. b) shows the same
image with a selection of measured crystallite widths labelled. c) A low-vacuum SEM
micrograph of an region belonging to Estaillades surface type 4, originally shown in

Figure 3.21, page 111, for comparison.
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3.3.4 Indiana

The SEM micrographs of the Indiana surface in Section 3.2.4 showed five different

surface types: 1) the flatter areas proposed to be generated during sample prepara-

tion, 2) large calcite crystallites which have been cleaved during sample preparation

to generate “steps”, 3) small irregular crystallites, possibly a fractured surface re-

sulting from sample preparation akin to Estaillades surface type 2, 4) large, intact

crystallites similar to Estaillades surface type 3, and 5) smaller crystallites up to

10 µm in width, split into three sub-types; 5a being made up entirely of crystallites

5 - 10 µm across, 5b being a mixture of a few crystallites > 5 µm but mostly 1 -

2 µm across, and 5c being entirely crystallites < 5 µm, with the majority between

1 - 2 µm across. From the two regions imaged by low-vacuum SEM, it appears

that surface types 1, 2 and 5 are the most commonly occurring on the surface, and

were expected to be the easier to image with SPM techniques as they appear to be

present on the more elevated regions of the sample. Surface types 3 and 4 were seen

across both low-vacuum SEM micrograph overlays (Figures 3.22 and 3.23, pages 113

and 114), but covered comparatively less of the imaged regions than the other three

surface types, and were observed on the more recessed areas of the surface, so were

expected to be more challenging to image with SPM techniques.

Figure 3.49 shows a 2 × 2 µm SICM topographical image which is proposed to

be an example of Indiana surface type 1. There are shallow grooves visible in an

otherwise reasonably flat surface towards the top of the image, which as can be seen

from the height profile line shown in Figure 3.50, are around 100 - 200 nm in depth.

This could be expected from the criss-crossing texture visible in the low-vacuum
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SEM micrograph for surface type 1, which re-shown in Figure 3.49b for ease of

comparison with the SICM image.

Towards the bottom of the SICM image of Indiana surface type 1 in Figure 3.49,

there is an approximately 3 µm drop from this flat surface, however this is not incom-

patible with what was previously observed in the SEM images for Indiana surface

type 1. Figure 3.49b shows the high magnification low-vacuum SEM micrograph of

Indiana surface type 1 previously shown in Section 3.2.4, Figure 3.24 (page 114),

with an orange square representing an approximately 2 × 2 µm area on the micro-

graph. This square has been placed over an area which looks similar to the one

shown in the SICM topographical image in Figure 3.49, where a flat area is visible

next to a small drop to another flat area. A challenge of using low-vacuum SEM

in a workflow alongside an SPM like SICM is the inability to image the exact same

area sequentially with each technique. As such it is not proposed that this square on

the low-vacuum SEM micrograph indicates the exact area imaged with SICM, but

serves as a visual guide to understanding the type of region within Indiana surface

type 1 which the SICM topographical image in Figure 3.49 could represent.

Indiana surface type 2 shows large crystallites which have been cleaved to gen-

erate a step-like structure. The SICM topographical image in Figure 3.51 covers

a 10 × 10 µm area and appears to show an example of Indiana surface type 2.

A low-vacuum SEM micrograph of Indiana surface type 2 is also re-shown in Fig-

ure 3.51 as a reference. The original SICM image is shown in Figure 3.51a, and the

equalized version of the same SICM image shown in Figure 3.51b. An equalization

function was applied to the image to better highlight the height changes in the image
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(a)

(b)

Figure 3.49: Indiana: 2 × 2 µm SICM image of surface type 1
(a) A 2 × 2 µm SICM topographical image with a pixel size of 20 × 20 nm of what is

proposed to be Indiana surface type 1 as defined in Section 3.2.4. (b) The high
magnification low vacuum SEM micrograph previously shown in Figure 3.24 (page 114),
with a 2 × 2 µm-sized orange square illustrating an example section of what type of

region in Indiana surface type 1 the SICM topographical image in Figure 3.49a might be
depicting.
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(a)

(b)

Figure 3.50: Indiana: height profiles of surface types 1 and 2
A comparison of the step heights visible on the otherwise flat surfaces of the SICM

topographical images shown for Indiana surface types 1 and 2 in Figures 3.49 and 3.51
respectively. (a) shows the topographical images with lines indicating where each profile
was taken, and (b) shows the height profiles along those lines, each profile running from

left to right of the lines depicted in (a).
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which were at first less evident due to the noise towards the bottom of the image

in Figure 3.51a. The sharp change in height of this step can be seen in the height

profile shown in Figure 3.50, with a drop of approximately 1 µm. This step height

is similar to that of the calcite surface type 2 steps measured from SICM images in

Section 3.3.1, which showed step heights ranging from 0.6 - 2 µm; this correlation

implies that these surfaces might have been generated in a similar manner, and that

the SICM imaging has captured the feature height successfully.

Figure 3.52 shows four SICM images of what are possibly different regions within

Indiana surface type 3, which was proposed to have occurred as a consequence of

cutting during sample preparation. The rougher crystallites present in these images

are similar to those shown in the low-vacuum SEM image of surface type 3 (re-shown

in Figure 3.53), all being approximately 1 - 2 µm across, none of which having the

smooth, straight edges seen in Indiana surface types 2, 4 or 5. As the height scale

bar ranges in the SICM images in Figure 3.52 sit between 6.91 µm and 14.30 µm,

these SICM images do not appear to represent Indiana surface type 1 either; the

SICM image proposed to belong to surface type 1 in Figure 3.49 having a height

scale bar range of 3.06 µm.
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(a) (b)

(c)

Figure 3.51: Indiana: 10 × 10 µm SICM image of surface type 2
A 10 × 10 µm SICM topographical image with a pixel size of 100 × 100 nm of what is
proposed to be a region of Indiana surface type 2 as defined in Section 3.2.4. (a) and (b)
show the same image before and after an equalizing function was applied respectively.

(c) shows the high magnification SEM image of Indiana surface type 2 previously shown
in Figure 3.25a on page 116 for comparison.

155



(a) (b)

(c) (d)

Figure 3.52: Indiana: SICM images of surface type 3
Four SICM topographical images of what is proposed to be Indiana surface type 3 as
defined in Section 3.2.4. (a) is a 5 × 5 µm image with 50 × 50 nm pixels and (b), (c)

and (d) are 10 × 10 µm images with 100 × 100 nm pixels.
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Figure 3.53: Indiana: SEM micrograph of surface type 3
The high magnification low-vacuum SEM micrograph which was originally shown in

Figure 3.27 on page 117.

Indiana surface type 5 was characterised by areas of smooth, rounded crystallites,

with different sizes present across the three sub-groups 5a, 5b and 5c. Figures 3.54

and 3.55 below show SICM images of two areas which appear to belong to Indiana

surface type 5. A range of crystallite sizes are visible in Figure 3.54, with some

< 1 µm in diameter, whilst others likely exceeding 2 µm; their exact size unclear

as the image itself is only 2 × 2 µm in size. The size of this SICM image thus

makes determining the sub-group of surface type 5 to which it belongs impossible.

Figure 3.55 on the other hand depicts two crystallites for which widths can be

estimated, as shown by the lines in Figure 3.55b. The height profiles along these lines

are shown in Figure 3.55c, which show both crystallites have smooth surfaces, a key

characteristic of surface type 5. Both crystallites have diameters of approximately

3.5 µm, which would suggest that this area belongs to surface type 5b, as most

crystallites in 5a and 5c are 5 - 10 µm and 1 - 2 µm across respectively.
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(a) (b)

Figure 3.54: Indiana: 2 × 2 µm SICM image of surface type 5
A 2 × 2 µm SICM topographical image with a pixel size of 25 × 25 nm of what is

proposed to be Indiana surface type 5 as defined in Section 3.2.4. (a) and (b) show the
same image before and after an equalizing function was applied respectively.
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(a) (b)

(c)

Figure 3.55: Indiana: 5 × 5 µm SICM image of surface type 5
(a) A 5 × 5 µm SICM topographical image with a pixel size of 50 × 50 nm of what is
proposed to be Indiana surface type 5 as defined in Section 3.2.4. (b) Shows the same
image but with lines describing what the two height profiles in (c) are describing.
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3.3.5 Summary of SICM imaging

Overall the SICM has been shown to be a suitable tool for imaging three carbonate

outcrop rocks: Ketton, Estaillades and Indiana. Table 3.7 highlights which of the

surface types identified using low-vacuum SEM were subsequently identified in the

SICM images. “✓”s indicate where a surface type was identified with some certainty,

which was the case for two out of six, four out of five and four out of seven of the

surface types and sub-types of Ketton, Estaillades and Indiana respectively. “?”s

indicate where an SICM image was too small to provide sufficient information to

categorically identify, but where the surface type or sub-type in question was a

contender.

Only one surface type/sub-type of each of the carbonates was not identified to

any extent; Ketton surface type 5, Estaillades surface type 3b and Indiana surface

type 4. In the case of Ketton surface type 5 and Estaillades surface type 3b, these two

surfaces types were the least commonly observed surface types in the low-vacuum

SEM micrographs, so their absence from the SICM images is possibly due to rar-

ity. Indiana surface type 4 was anticipated to be the least likely to be successfully

mapped by SICM due to its large feature sizes, and predominantly occurring on

vertical surfaces, so again is unsurprising that it was absent from the SICM images.
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Sample Type SICM

Ketton

1 ✓

2 ✓

3 ?

4 ?

5

6 ?

Estaillades

1 ✓

2 ✓

3a ✓

3b

4 ✓

Indiana

1 ✓

2 ✓

3 ✓

4

5a ?

5b ✓

5c ?

Table 3.7: Carbonate surface types identified by SICM
A summary of the carbonate surface types which were identified in the SICM

topographical images. “✓” signifies that the surface type was identified in at least one
image, no symbol signifies that no examples of that surface type were identified, and “?”

signifies that the surface type was a contender for at least one image which did not
ultimately provide sufficient information for a definitive identification.
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3.4 Atomic force microscopy

As a scanning probe microscopy which had already been used in the field of oil and

gas recovery for generating topographical images of outcrop rocks,110–113 AFM was

used to collect images of Ketton, Estaillades and Indiana primarily to validate those

collected on the SICM in terms of the shapes, heights and widths of the features

recorded. In doing so, a correlative approach is used once more to assign the AFM

images to one of the surface types defined in Section 3.2.

3.4.1 Ketton

Three AFM images of Ketton which appear to be of Ketton surface type 3, 4 or 6 are

presented in Figure 3.56 alongside an SICM image originally shown in Figure 3.40a

(page 137) which was also proposed to be from surface type 3 or 4 for comparison. All

three AFM images show small crystallites < 1 µm, similar to the surfaces observed

by low-vacuum SEM in Section 3.2.2 and the SICM image re-shown in Figure 3.56d.

Height profiles from the 5 × 5 µm AFM and SICM images in Figures 3.56c

and 3.56d are presented in Figure 3.57 to compare typical feature sizes and shapes

recorded by the two SPMs. In the graph of the height profiles in Figure 3.57c, the

positions of the profiles relative to one another on the y-axis have been changed

in order to more clearly see all traces, and the SICM traces have been displaced

6 µm across the x-axis such that the traces for each SPM are displayed beneath the

relevant image. From these traces, it can be seen that most of the raised features

are on the order of 0.5 µm across, with the larger features closer to 1 µm across,

which is consistent with what was observed in surface types 3 and 4 in the low-

162



(a) 20 × 20 µm AFM image (b) 10 × 10 µm AFM image

(c) 5 × 5 µm AFM image (d) 5 × 5 µm SICM image

Figure 3.56: Ketton: Three AFM images of surface type 3 or 4
Three AFM images of Ketton: (a) a 20 × 20 µm image with approximately 20 × 20 nm
pixels (1024 × 1024 points), (b) a 10 × 10 µm image with approximately 10 × 10 nm
pixels (1024 × 1024 points) and (c) a 5 × 5 µm image with approximately 5 × 5 nm

pixels (1024 × 1024 points). (d) Shows a the 5 × 5 µm SICM image proposed to be from
either surface type 3 or 4, which was originally shown in Figure 3.40a (page 137) for

comparison.
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vacuum SEM micrographs. The majority of these features are around 250 nm high

relative to their adjacent features, with the exception of a few features in the SICM

image, as the SICM image appears to be of a slightly rougher region. The key

difference between the two SPM’s traces however, is the sharpness of the edges of

each feature in the SICM image compared to the AFM image. This possibly due

to the comparatively higher pixel density in the AFM image, which contains over

1 × 106 pixels, whereas the SICM image only contains 1 × 104 pixels, and as such,

height changes are observed more abruptly in the SICM image.

The AFM images of Ketton have a blurred quality to them, with a ghosting

effect observed adjacent to the majority of the crystallites on the surface. This is

most likely due to the roughness of the surfaces compared to typical candidates

for AFM imaging, and possibly due to less time being dedicated to the AFM, for

scan parameters to be fully optimised; the SICM image on the other hand is much

clearer, and allows for more accurate crystallite size measurements to be made.

The relative ease in obtaining clear images of these materials is likely due to the

differences between hopping mode on the SICM and tapping mode in the AFM.

Whilst carrying out the SICM imaging the hop height of the probe between points

is much higher, 1 - 5 µm in this work, than the amplitude of cantilever oscillation in

AFM tapping mode, which is typically 10 - 100 nm.114,115 This smaller amplitude in

AFM therefore might not be fully accommodating the sharp height changes observed

in these samples. AFM images are also typically much faster to acquire; AFM

imaging of these materials takes around 10-20 minutes, whereas each SICM image

takes around 2 hours to collect.
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(a) 5 × 5 µm AFM image (b) 5 × 5 µm SICM image

(c) Height profiles

Figure 3.57: Ketton: AFM and SICM images compared
The 5 × 5 µm (a) AFM and (b) SICM images from Figure 3.56, with height profiles

labelled and shown in (c) for comparison of feature widths and heights.

165



3.4.2 Estaillades

AFM images were collected of Estaillades surface area types 2 and 3, shown below

in Figures 3.58 and 3.59 respectively. Estaillades surface type 2 is an amorphous

area of broken crystallites, deemed as most likely to be the result of the cutting of

the cores, whereas surface type 3 represents the area of smooth crystallites, with a

size range of 5 - 10 µm across. Given the roughness of surface type 2, topographical

images of these areas will have a range of height scale bar ranges, in the AFM

images in Figure 3.58 these range from 843 nm - 4.40 µm, and the crystallite sizes

will also vary. Surface type 2 is however distinct from the other areas in that it is

not flat like surface type 1, and is not made up of the smooth crystallites which are

seen in surface types 3 and 4. Therefore, despite the crystallites observed in the

AFM images in Figure 3.58 being smaller than those in the SICM image re-shown

in Figure 3.58d, they are proposed to all belong to the same surface type. As was

the case with the AFM images on Ketton, the AFM images in Figure 3.58 appeared

blurred when compared to the SICM image in Figure 3.58d. It is hypothesized that

this is due to the same factors as were discussed for the Ketton images; that the

AFM tapping mode did not respond quickly enough at the scan speed chosen, as

such the feature edges are not clearly resolved.
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(a) 10 × 10 µm AFM image (b) 5 × 5 µm AFM image

(c) 2 × 2 µm AFM image (d) 2 × 2 µm SICM image

Figure 3.58: Estaillades: AFM images of surface type 2
Three AFM images of surface type 2, (a) being a 10 × 10 µm image with a pixel size of
approximately 40 × 40 nm (256 × 256 points), (b) being a 5 × 5 µm image with a pixel
size of approximately 20 × 20 nm (256 × 256 points) and (c) being a 2 × 2 µm image
with a pixel size of approx 8 × 8 nm (256 × 256 points). The 2 × 2 µm SICM image of

surface type 2 originally shown in Figure 3.42a (page 141) is re-shown in (d) for
comparison.
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The AFM images in Figures 3.59a and 3.59b appear to be of Estaillades surface

type 3. Given that they are 2 × 2 µm and 5 × 5 µm in size, the large 5 - 10 µm

crystallites of surface type 3 can not be fully mapped, however in both images it

is clear that the smooth crystallites which are partly in view exceed 1 - 2 µm, and

so do not belong to surface type 4, and so are assigned as belonging to surface

type 3. The AFM image in Figure 3.59a appears to show the gap between two of

these crystallites, which is similar to the SICM image re-shown in 3.59c for ease of

comparison. In Figure 3.59b a rough-edged feature, possibly indicative of a more

amorphous region, can be seen to the right of the image, with small rough-edged

crystallites visible on the larger, smoother surfaces to the left. This image is therefore

proposed to map an intersection between surface types 2 and 3, such as that observed

in the SICM image re-shown in Figure 3.59d, where again a rougher area is seen

to the right of the image, being surface type 2, with large, smooth crystallites seen

towards the left of the image, being surface type 3.

The AFM images of surface type 3 presented in Figure 3.59 are much clearer than

those of surface type 2 presented in Figure 3.58. This is possibly due to the dif-

ferences between the surface types being mapped; the regions shown in Figure 3.59

are much smoother than Figure 3.58, and so the AFM is not having to accommo-

date for repeated height changes as regularly, leading to a clearer image. This is

further underpinned by there being blurring around the rougher areas mapped in

Figure 3.59b, and the rest of the image, of the smoother surface, being sharper.
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(a) 2 × 2 µm AFM image (b) 5 × 5 µm AFM image

(c) 5 × 5 µm SICM image (d) 5 × 5 µm SICM image

Figure 3.59: Estaillades: AFM images of surface type 3
Two AFM images of surface type 3, (a) being a 2 × 2 µm image with a pixel size of

approx 8 × 8 nm (256 × 256 points) and (b) being a 5 × 5 µm image with a pixel size of
approximately 20 × 20 nm (256 × 256 points). Two 5 × 5 µm SICM images of surface
type 3, originally shown in Figures 3.46a and 3.44a (on pages 146 and 144 respectively)

are re-shown in (c) and (d) respectively for comparison.
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3.4.3 Indiana

Five AFM images of Indiana are shown across Figures 3.60 and 3.61, and appear

to all belong to surface type 3. Briefly, the Indiana surface types are 1) the flatter

areas created during sample preparation, with calcite crystal lines visible, 2) step-

like structures formed during cutting, exposing the calcite crystal planes, 3) the

rough-textured area which is proposed to be generated during cutting, made up of

fractured calcite grains with a wide range of sizes, 4) the large, smooth, un-damaged

calcite crystallites, on the order of 10 - 100 µm across, and 5) the smaller, smooth,

un-damaged crystallites, ranging from 1 - 10 µm across.

(a) (b)

Figure 3.60: Indiana: Two AFM image of surface type 3
Two AFM images of Indiana surface type 3, (a) being a 1 × 1 µm AFM image with a

pixel size of approx 4 × 4 nm (256 × 256 points) and (b) being a 2 × 2 µm image with a
pixel size of approx 8 × 8 nm (256 × 256 points).
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(a) 5 × 5 µm AFM image (b) 10 × 10 µm AFM image

(c) 10 × 10 µm AFM image (d) 10 × 10 µm SICM image

Figure 3.61: Indiana: Three AFM images of surface type 3
Three AFM images of surface type 3, (a) being a 5 × 5 µm image with a pixel size of

approximately 20 × 20 nm (256 × 256 points) and (b) and (c) being 10 × 10 µm images
with a pixel size of approximately 40 × 40 nm (256 × 256 points). (d) Shows the

10 × 10 µm SICM image of Indiana surface type 3 originally shown in Figure 3.52c (page
156) for ease of comparison.
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All of the crystallites imaged across Figures 3.60 and 3.61 are < 1 µm across,

and as such are too small to belong to any of the surface type 5 sub-types, and they

all appear to have rough edges, so are therefore all assigned as belonging to surface

type 3. A SICM image which was assigned to surface type 3, originally shown in

Figure 3.52c on page 156, is re-shown in Figure 3.61d for ease of comparison to the

AFM images. Visually, this SICM image is very similar to the other AFM images in

Figure 3.61, the surface made up of clusters of smaller rough-edged crystallites. The

height scale bar range is much higher in the SICM map, at 8.44 µm, than the AFM

maps, between 1.63 and 4.22 µm; however, this is due to the difference between

the deep pore in the center of the SICM image, and the few, assumed erroneously,

bright pixels.

Figure 3.62: Indiana: SICM image height histogram
A histogram of the pixel height values in the SICM image represented in Figure 3.52c,
and again in Figure 3.61d, showing that the majority of the pixel values sit in a 4.5 µm

range between 1 and 5.5 µm.
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As can be seen from the histogram presented in Figure 3.62, 99.5 % of the pixels

in the SICM map sit within an approximately 4.5 µm range between 1 - 5.5 µm,

highlighted in green, which is much closer to the 4.22 µm range observed in the AFM

image shown in Figure 3.61b. As observed previously when looking at the Ketton

and Estaillades AFM images, the AFM images collected of the Indiana surface are

blurry in comparison to the SICM image, which is expected to be due to the same

factors previously discussed.

3.4.4 Summary of AFM imaging

Overall, AFM has been shown to have validated the SICM images shown in Sec-

tion 3.3. On some of the rock surface types, it was found that the SICM images were

clearer. This is possibly due to an insufficient optimisation of AFM scan parameters,

or could indicate that SICM may be a better tool for investigating these materials

than AFM; further studies would be required to make a definitive assessment. Table

3.8 shows which of the surface types identified in the low-vacuum SEM micrographs

of Ketton, Estaillades and Indiana were also identified in the AFM images. Fewer

surfaces were identified in the AFM images than in the SICM images (Table 3.7,

page 161), which is possibly to be, at least in part, due to fewer sessions being

devoted to AFM imaging than SICM imaging.
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Sample Type AFM

Ketton

1

2

3 ?

4 ?

5

6 ?

Estaillades

1

2 ✓

3a ✓

3b

4

Indiana

1

2

3 ✓

4

5a

5b

5c

Table 3.8: Carbonate surface types identified by AFM
A summary of the carbonate surface types which were identified in the AFM

topographical images. “✓” signifies that the surface type was identified in at least one
image, no symbol signifies that no examples of that surface type were identified, and “?”

signifies that the surface type was a contender for at least one image which did not
ultimately provide sufficient information for a definitive identification.
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3.5 Summary and conclusions

It has been demonstrated that low-vacuum SEM and SICM can be used in tandem

to better understand the surfaces of carbonate outcrop rocks. From the SEM micro-

graphs it was possible to determine six individual surface types of interest on Ketton,

four on Estaillades and five on Indiana. The SICM images which were subsequently

collected of these materials appear to show four or five out of six of these types on

Ketton, all four on Estaillades and four out of five on Indiana. Without the low-

vacuum SEM micrographs for reference, understanding the context of each of the

SICM topographical images would have been significantly more challenging. Using

the low-vacuum SEM micrographs for reference also demonstrated that SICM is a

suitable tool for imaging a wide range of the surface types found on these materials.

Comparison of the SICM and AFM images demonstrated that the SICM could

not only image similar areas, but generate clearer, sharper images than the AFM,

particularly on the rougher surface types, highlighted in particular when looking

at Ketton surface type 3 or 4 and Estaillades surface type 2. Despite the SICM

providing better images than the AFM of these carbonates, the trade-off is time;

AFM can be used to generate images 6 - 12× faster than the SICM, which is of

consideration if this technique were to be more widely used by the industry for

routine sample analysis. Coupled with the surface charge mapping potential of

SICM however, these clearer images could provide even greater value and tip the

balance in favour of SICM over AFM for topographical analysis of these samples.

Table 3.9 on page 177 presents the qualitative descriptions of the carbonate

reservoir rock surface types from Tables 3.2, 3.3 and 3.4 (pages 105, 111 and 121
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respectively), alongside the data from the SICM and AFM summary tables, Ta-

bles 3.7 and 3.8 (pages 161 and 174 respectively), in order to best summarise the

information collected in this Chapter.

Overall, it has been shown that SICM is a suitable tool for topographical mapping

of these carbonate outcrop rocks. There is also evidence to suggest that the SICM

has an advantage over AFM for mapping of the range of surface types on these rough

surfaces. Further insight can be gained from the SPM techniques when coupled with

low-vacuum SEM, as the smaller field of view SPM images can be placed into context

within the wider surface heterogeneity.
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Chapter 4

Surface Charge Mapping

4.1 Overview

Numerous methods have been developed to perform surface charge mapping using

SICM, details of which were given in Chapter 1: Introduction, Section 1.2.4.29,59,60

Although AFM has also been shown in the literature to be able to provide maps of

surface charge densities, discussed in Chapter 1: Introduction, Section 1.3.3,70–72 the

SICM was chosen for the analysis of these samples. As was discussed in Chapter 3:

Carbonates, SICM produced clearer images of the rough surfaces of three carbonate

outcrop rocks, and so appears to be better suited to the analysis of these materials

than AFM. The greater suitability of SICM compared to AFM for the mapping of

equivalent surfaces on these materials is proposed to predominantly be the result of

the SICM hop height, 1 - 5 µm, being much larger than the 10 - 100 nm oscillation

amplitude which was typically used in this work during AFM mapping.114,115 SICM

also appeared to be able to map a greater range of the surface types found across
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the carbonate outcrop rocks in Chapter 3: Carbonates, due to the SICM having a

considerably longer probe which can map surfaces within pores that the AFM probe

can not reach. This chapter discusses the potential uses for surface charge mapping

using SICM in the context of oil and gas recovery, and the experiments which were

carried out in efforts to establish the surface charge mapping mode in the laboratory

at Imperial.

4.2 Relevance for Digital Rock

For a given pair of fluids and imposed conditions, the key properties of a porous rock

surface that will impact the wettability of the system are the surface topography and

its chemical composition. Although SEM EDX can provide simultaneous imaging

with elemental analysis, the x-rays used to determine elemental composition can

originate from up to 2 µm deep into the sample,83 and as such the technique is not

specifically surface-sensitive. The topography of a given surface can be captured at

the nanoscale using SICM, as was previously shown in Chapter 3: Carbonates for the

three carbonate outcrop rocks. The recent progressions in surface charge mapping

modes in SICM opens up an additional avenue for wettability characterisation,29,59,60

as the chemical composition and nanoscale distribution of minerals is expected to

have a direct impact on the local surface charges. Zheng et al. in 2020 demonstrated

how a real 3D surface of Ketton, generated with AFM, was recreated and used

in molecular modelling to predict contact angles.23 It is proposed that providing

simultaneous topographical and surface charge maps on the SICM of these materials

would enable more accurate simulations of fluid interactions with outcrop rocks,
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building on the method laid out by Zheng et al., outputs from which could then

be fed upwards into PNM simulations and ultimately provide the basis for more

accurate reservoir simulations.

Over the years numerous wettability-altering effects have been observed on a

variety of minerals commonly found on reservoir rock surfaces, which although have

been proposed to be due to local surface charge alteration, have not been directly

mapped and demonstrated.116–119 A few such examples are discussed below, with

suggestions for how surface charge mapping on the SICM could contribute to in-

creased understanding of these phenomena.

4.2.1 pH-dependent crude oil adhesion to clay surfaces

Clays are known to have a pH-dependent behaviour in terms of their affinity to crude

oil.120,121 A clay known as kaolinite, with an ideal chemical formula of Al2Si2O5(OH)4,

composed of sheets of tetrahedral silica and octahedral alumina layers sharing oxy-

gen atoms, is one such mineral of interest.118,122–124 A diagram of kaolinite’s crystal

structure is shown in Figure 4.1a, with dotted lines to highlight the tetrahedral sili-

con and octahedral aluminium configurations.123 These aluminosilicate layers stack

together to form what are described as “booklets”, and by default have a nega-

tive charge due to the unbound oxygen ions on the edges. This “default” negative

charge is however thought to change when exposed to environments of acidic pH

(Figure 4.1b).118 Wan and Tokunaga in 2002 showed that under acidic conditions,

the kaolinite particles in a colloidal kaolinite suspension were attracted to the nega-

tively charged air-water interface, and that under basic pH this was not the case.125
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The accepted explanation for this observation is that under acidic pH, the protons

in solution will attach to the O- anions on the edges and Si faces of the kaolinite

booklet, creating positively charged surfaces, as shown on the left hand side of Fig-

ure 4.1b.118,125 This build up of positive charge leads the booklet to be drawn to the

negative air-water interface.125 Under basic pH, the negative charge-shielding effect

is not observed as there are fewer protons in solution to be drawn to these negatively

charged surfaces, and the booklet remains a net negatively-charged particle.118 As

one might expect, this pH-dependent behaviour, which is observed in numerous clay

minerals, has implications for the wettability of clay-containing surfaces.120,121

(a)

(b)

Figure 4.1: Kaolinite booklets
(a) The crystal structure of a kaolinite sheet redrawn from Hu et al.,123 and (b) a
diagram of the proposed kaolinite booklet surface charge distributions and how they

change with pH, redrawn from Tombàcz and Szekeres.118
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Clays have been observed to have a strong attraction to crude oil, which is

negatively charged, in low pH brines, but a preference for the water phase instead

of the crude oil phase when under high pH brines.120,121 This switch of preference

from the crude oil to the water phase was observed by Lebedeva and Fogden to be

around pH 6, which aligns well with the kaolinite booklet behaviour proposed in the

literature.118,121,125 Although this pH-dependent surface charge altering behaviour

has been inferred from experiments,118,125 it has yet to be directly mapped. Surface

charge mapping with SICM could provide the opportunity to map this effect directly.

For example, a kaolinite booklet could be located on a sandstone surface with SICM

topographical mapping, and once found, simultaneous topographical and surface

charge mapping of the area could be performed under a high and low pH electrolyte.

4.2.2 Low-salinity flooding

Low-salinity flooding (LSF) is a well-reported EOR approach which uses lower-

concentration aqueous salt solutions to alter the effective wettability of a reservoir

rock from oil-wet to water-wet, and thus facilitates the displacement of oil and

provides higher recovery yields.119,120,126,127 In sandstones, this effect is thought to

be due to a change in the interaction of the oil with the clays present in the rock,

however there have been numerous explanations over the years as to the exact mech-

anism.127,128 One such explanation recently published by Mahani et al. discusses the

impact of thin water films on the surface.120 Crude oils and clays both tend to have

negatively charged surfaces, and so should repel one another, however when in the

presence of a high-salinity brine, these clay surfaces are found to behave oil-wet.
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This is thought to be due to a thin high-salinity water film forming between the oil

droplet and clay surface, which provides a “shield” as the DDLs of the oil and clay

are compressed sufficiently that they do not repel each other, as shown at the top of

Figure 4.2.120 The two negative surfaces are attracted to the positive ions present

in the brine, holding the oil droplet against the rock surface. When a low-salinity

brine displaces this high-salinity brine during LSF however, the new lower-salinity

water film does not suppress the DDLs sufficiently, allowing the negative surfaces

of the crude oil and clay to repel one another, and the oil droplet is thus removed

from the surface, as shown at the bottom of Figure 4.2.120,127

Figure 4.2: The low-salinity flooding effect on clay
Top: diagram depicting the DDL shielding between the negative surfaces of the crude oil
and clay by the positive ions in a high-salinity brine. Bottom: diagram depicting the

insufficient DDL shielding between the negatively charged surfaces by the positive ions in
a low-salinity brine and the consequential removal of the crude oil droplet from the clay
surface due to electrostatic repulsion. Inspired by multiple figures in reference 120.

In carbonate reservoir and outcrop rocks however, there is little to no clay, the

majority of the surface being calcium carbonate,92,93,96,97 and so a different expla-

nation is required for a mechanism of LSF, as increased oil recovery yields are still

183



observed in these systems.119,126,127 Alotaibi et al. showed through zeta potential

measurements that calcite surfaces become more negatively charged in the pres-

ence of low-salinity brines, thereby increasing the extent to which the DDL extends

into solution.119,129 Although this was not directly presented as an explanation in

their paper for how LSF might function in carbonate materials, it is possible that

the behaviour of calcite in low-salinity brine is analogous to the behaviour of clays

presented by Mahani et al..119,120,129

Low-salinity flooding has over the years been shown to vary in effectiveness

depending on the brine composition itself, not just the salt concentration. The liter-

ature seems to point towards a requirement for the presence of divalent cations such

as Ca2+ and Mg2+, with less success reported when using exclusively monovalent

cations such as Na+ or K+.119,120,127 This makes sense from a theoretical perspective,

as divalent cations are more charge-dense than monovalent cations, and will therefore

be more effective in providing the DDL shield proposed by Mahani et al..120 It would

therefore be of interest for surface charge mapping experiments of outcrop rocks on

the SICM to map the same surface under different brine compositions and different

concentrations, whilst maintaining the concentration low enough to perform surface

charge mapping, to see if increases or decreases in charge magnitude are observed

locally. Conveniently, the salt concentration range for “low-salinity” brines, Mahani

et al. using brines between approximately 1.6 - 6.5 g/L salt concentrations, overlaps

with the salt concentration ranges used in the literature for surface charge mapping

on the SICM, McKelvey et al. and Page et al. using approximately 0.7 and 3.7 g/L

KCl(aq) solutions respectively.
29,59,120
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4.2.3 Redox activity in iron-bearing minerals

As touched upon in Chapter 1: Introduction, Section 1.7.2, Bandera Brown, a sand-

stone outcrop rock, was chosen for study in the SDRP due to evidence in the liter-

ature that the iron present in some of the minerals on the surface is redox active,

and can exist in the Fe +2 or +3 oxidation state, depending on the external con-

ditions.88,89 Briefly, one such example of this behaviour was shown by Southwick

et al. where a polymer, HPAM, stuck to the pore walls of a Bandera Brown sample

in an EOR core flood experiment, causing a significant back-pressure.88 However,

this back-pressure did not build up when the core was flooded with a reducing agent

prior to the experiment. The proposed explanation for this behaviour is that the

negatively-charged HPAM has a greater affinity for Fe +3 surfaces than Fe +2 sur-

faces, so if the Fe present in the pores has been reduced to the 2+ oxidation state,

HPAM is able to flow more freely without sticking to the Fe sites and blocking the

pores.88 This impact of oxidising or reducing conditions on wettability in reservoir

and outcrop rocks raises questions around the usefulness of data collected in oxidis-

ing environments. Reservoirs are generally accepted to be reducing environments

due to the presence of crude oil and the low oxygen levels present beneath the earth’s

surface, so a thorough understanding of this reducing effect is necessary to evaluate

how to proceed in future experiments on similar surfaces. It is proposed that this

redox effect could be directly visualised with surface charge mapping on the SICM,

by mapping an Fe-bearing region on a Bandera Brown surface twice; once before

and once after the addition of a reducing agent, such as the erythorbic acid used

by Southwick et al. 88 to the electrolyte, and observing whether a change in local
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surface charges takes place in certain, presumed Fe-bearing, regions of the sample.

4.2.4 Organic and aqueous environments

It has already been discussed that the presence of oil will contribute to the reducing

environment in reservoirs, and how the brine and oil components in a reservoir

will have different charges, impacting their wetting of rock surfaces. A next step

therefore, after observing surfaces in aqueous electrolytes with and without the

addition of a reducing agent, is to look at a given surface under both aqueous and

organic electrolytes to see if any changes in behaviour and local surface charges can

be observed.

To date there have been few reports in the literature of the use of SICM with or-

ganic electrolytes. Two papers report the mapping of battery materials under a 1 M

LiPF6 in 1:1 by volume ethylene carbonate to dimethyl carbonate electrolyte,38,39

however this work required the experiment be carried out in a glovebox under an

inert atmosphere, which is much less practical than the typical aqueous experiments,

which can be performed in air. No other examples of organic electrolyte use in the

SICM were found in the literature at the time of writing. Due to this lack of pre-

vious work in organic electrolytes, prior to establishing surface charge mapping of

outcrop rocks under organic electrolytes, it was important to provide a precedent of

topographical mapping of these materials using SICM with an organic electrolyte,

and, for practical considerations, for these to take place in air.
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4.3 Surface Charge Mapping Progress

4.3.1 Organic Electrolytes in the SICM

In order to select an organic electrolyte for attempts to map outcrop rocks on the

SICM in air, fields such as organic electronics were examined. For example, cyclic

voltammetry experiments on acceptor and donor materials for organic solar cells

are commonly performed in organic electrolytes in air.130–132 An electrolyte that has

been used extensively in this application and others, 0.1 M tetrabutylammonium

hexafluorophosphate (NBu4PF6) in acetonitrile was therefore chosen for SICM ex-

periments.130–136

The 0.1 M NBu4PF6 in acetonitrile electrolyte yielded images of Indiana in one

of the first sessions in which it was tested, which was somewhat unexpected, but

there were challenges which needed to be overcome before successful imaging took

place. Acetonitrile was not compatible with the plastic syringes and petri dishes

which were used for the KCl(aq) electrolyte, as it started to partially dissolve the

plastic; glass alternatives therefore had to be sourced to use this new electrolyte.

Additionally, acetonitrile has a lower boiling point than water of around 82 ◦C,137

so it evaporated more readily over the course of a day of SICM imaging, and as such

had to be topped up 1-2 times per day between scans, otherwise the sample became

exposed, and imaging was interrupted.

Despite the issues initially encountered when using 0.1 M NBu4PF6 in acetoni-

trile on the SICM, topographical mapping of Indiana in this organic electrolyte

was successful. A 17.4 × 17.4 µm map gathered in these experiments is shown in
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Figure 4.3; this area appears to belong to the Indiana surface type 3 defined in

Section 3.2.4, characterised as being composed of rough-edged crystallites approx-

imately 1 - 2 µm across. For comparison, a SICM image of Indiana surface type

3 collected in 0.1 M KCl(aq) and previously presented in Chapter 3: Carbonates,

Figure 3.52, page 156, is shown alongside in Figure 4.3b.

A second map of Indiana taken under 0.1 M NBu4PF6 in acetonitrile is presented

in Figure 4.4, where a section of a 20 × 20 µm area was successfully mapped prior

to a nanopipette blockage. Nanopipette blockage is a common occurrence in SICM

mapping in aqueous electrolytes, so this is not necessarily an indication of an issue

with the organic electrolyte. The two larger, smooth crystallites visible in this second

image, > 5 µm across, could indicate that this map is from Indiana surface type 5,

although it is difficult to say with any certainty given the restricted field of view.

These two topographical maps give precedence for topographical mapping on

the SICM under organic electrolytes in air, which is relevant for the potential future

surface charge mapping experiments on these materials in organic electrolytes in the

SICM, as discussed previously in Section 4.2.4.
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(a) (b)

Figure 4.3: Indiana: 17.4 × 17.4 µm SICM image in acetonitrile
(a) A 17.4 × 17.4 µm SICM topographical image with a pixel size of 200 × 200 nm
taken in a 0.1 M NBu4PF6 in acetonitrile electrolyte. (b) re-shows the 10 × 10 µm
SICM image taken in 0.1 M KCl(aq) originally shown in Chapter 3: Carbonates,

Figure 3.52, page 156. Both areas imaged are proposed to belong to Indiana surface type
3 as defined in Section 3.2.4.

Figure 4.4: Indiana: An incomplete 20 × 20 µm SICM image in acetonitrile
An incomplete 20 × 20 µm SICM topographical image with a pixel size of 200 × 200 nm
taken in a 0.1 M NBu4PF6 in acetonitrile electrolyte. Nanopipette blockage prevented

the rest of the region from being mapped.
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4.3.2 Polystyrene on Glass

Prior to any attempt to map the surface charge distributions on outcrop rock sur-

faces, a model surface was used in efforts to establish surface charge mapping in the

laboratory. Page et al. carried out their initial experiments on a relatively simple

sample with distinct surface charge differences; a negatively charged glass surface

which had been dip-coated with charge-neutral polystyrene.29 Efforts were made to

reproduce Page et al.’s experiments, to ensure that the setup was fully functional,

prior to attempts on more complex surfaces. Unfortunately, surface charge maps of

this material were not successfully collected prior to the conclusion of the project

time, however the progress which was made towards this end is described.

As touched upon in Chapter 1: Introduction, the surface charge mapping mode

installed on the scanning ion conductance microscope in our laboratory was based

on the the pulsed-potential SICM mode described by Page et al..29 This mode is

an adapted hopping mode, where a pause in the hopping regime takes place at the

bottom and the top of each hop. During these pauses the applied bias is changed to

a different bias from the approach bias, and the current response during this pulse

is recorded.29 If the electrolyte has a sufficiently low ionic strength, then the current

responses at the bottom and top of the hop should represent responses inside and

outside of the DDL for a given point on the surface. The difference between these

current responses can then be plotted, providing a heat map of surface charge het-

erogeneities, and through computational simulations a quantitative surface charge

map can be generated alongside the topographical map.29
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4.3.2.1 Low-Vacuum Scanning Electron Microscopy

To ensure that the sample preparation of the glass slide dip-coated in polystyrene

(polystyrene on glass, PoG) was successful, the PoG sample was first imaged using

low-vacuum SEM. Although imaging was successfully achieved with low-vacuum

SEM, if one area of the polystyrene film was imaged for longer than approximately

10 minutes at high magnification, the charge build up caused the film to change its

structure, becoming warped, and so care was taken to move to new areas frequently

during imaging. Indications of this tendency towards charge build up can be seen

in all of the low-vacuum SEM micrographs of the polystyrene film presented in this

chapter; at the edges of the film, where the glass slide is presumed to be revealed,

the film is considerably brighter than the rest of the surrounding film.

Figure 4.5 shows an overlay of four low-vacuum SEM micrographs of the PoG

surface. From this overlay it can be observed that the polystyrene film has formed

with gaps revealing what is possibly the glass surface underneath, as was produced

by Page et al. in their experiments.29 There are however a range of gap sizes, which

are shown at higher magnification in Figures 4.6 - 4.8.

Figure 4.6 shows a high magnification low-vacuum SEM micrograph of an ex-

ample of PoG surface type 1, which is of a region near the area labelled “1” on the

PoG surface shown in Figure 4.5. PoG surface type 1 has gaps in the polystyrene

film < 1 µm across at their widest point, which are similar to the gaps shown in

the SICM image in Page et al.’s paper. Figure 4.7 shows a high magnification low-

vacuum SEM micrograph of PoG surface type 2, taken near the area labelled “2”

in Figure 4.5, where the majority of the gaps in the polystyrene film are > 1 µm
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Figure 4.5: Polystyrene on glass: SEM Overlay
An overlay of four low-vacuum SEM micrographs of a glass slide dip-coated in

polystyrene, with three different area types labelled. The individual micrographs which
make up this overlay wihtout numbers overlain can be found in Appendix D, Figures D.1

- D.4.

across at their widest point, mostly sitting between 1 - 5 µm. One of the gaps in

the Page et al. paper is on the order of 3 µm at its widest point, so this is still in

line with their results.

PoG surface type 3 is shown in the high magnification low-vacuum SEM micro-

graph in Figure 4.8, which was taken close to the area labelled “3” in Figure 4.5.

PoG surface type 3 is an area where there are numerous dents in the polystyrene sur-

face which do not appear to be deep enough to reveal the glass surface underneath.

Although this is unconfirmed by the low-vacuum SEM micrograph in Figure 4.8,

this hypothesis is re-visited during the analyses of the AFM and SICM images in

Sections 4.3.2.2 and 4.3.2.3. For the purposes of attempting to repeat Page et al.’s

surface charge mapping experiments with SICM, based on these low-vacuum SEM
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Figure 4.6: Polystyrene on glass: high magnification SEM 1
A higher magnification low-vacuum SEM micrograph of a glass slide dip-coated in

polystyrene, from the area type 1 as labelled in Figure 4.5.

Figure 4.7: Polystyrene on glass: high magnification SEM 2
A higher magnification low-vacuum SEM micrograph of a glass slide dip-coated in

polystyrene, from the area type 2 as labelled in Figure 4.5.

193



micrographs, larger areas such as 10 × 10 or 20 × 20 µm should be mapped with

the SICM in order to establish which area type has been approached and to increase

the chances of locating an appropriate region of the PoG film. PoG surface type 3

is not of use for surface charge mapping validation if it indeed does not reveal the

glass underneath, so surface types 1 and 2 are of particular interest. Once a region

has been approached with the SICM probe, and is identified as either surface type

1 or 2, higher resolution images can then be carried out and attempts at surface

charge mapping can be made.

Figure 4.8: Polystyrene on glass: high magnification SEM 3
A higher magnification low-vacuum SEM micrograph of a glass slide dip-coated in

polystyrene, from the area type 3 as labelled in Figure 4.5.
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4.3.2.2 Atomic Force Microscopy

Atomic force microscopy was used to investigate the PoG surface to provide an

additional frame of reference with which to assess the SICM images, and served as

an additional checking process to assess whether the samples used by Page et al.

had been replicated correctly.29 Page et al. show a SICM image of the PoG sample

where the majority of the polymer appears to sit in approximately 100 nm thick film

on the glass, with a few sections up to 200 nm thick around the larger gaps.29 Given

this information, a gap in the film on these surfaces was only assumed to reveal the

glass underneath if the height of the edge of the film relative to the bottom of the

dent is around 100 nm or higher.

Figure 4.9 shows four AFM images which overlap in their field of view of the

same larger area. The top right of Figure 4.9a overlaps with the bottom left of

Figure 4.9b, with the same < 1 µm gap in the polystyrene film visible in both images

indicated with a green square. These 5 × 5 µm images are fully encompassed by

the 10 × 10 µm image shown in Figure 4.9c, with the same gap indicated with a

green square once more. The top of this third image overlaps with the bottom of

the fourth image shown in Figure 4.9d, with a purple square indicating the same

1 µm across gap which appears in both fields of view.

In Figures 4.9a and 4.9b, the largest gap in the polymer film, indicated by the

green square, is approximately 100 - 200 nm across, and only 30 nm deep, as can be

seen in the height profile in Figure 4.10. This area is therefore likely to belong to the

PoG surface type 3 classification described from the low-vacuum SEM micrographs

in Section 4.3.2.1, as the dents in the polystyrene film are too narrow to allow for
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(a) (b)

(c) (d)

Figure 4.9: Polystyrene on glass: AFM area 1
Four AFM images which overlap in fields of view of the same area. The top right corner
of (a) overlaps with the bottom left corner of (b); both (a) and (b) are fully captured

within image (c), and the top right corner of (c) overlaps with the bottom right corner of
(d). (a) and (b) are 5 × 5 µm AFM images and (c) and (d) are 10 × 10 µm AFM

images, all having a pixel size of approximately 40 × 40 nm (128 × 128 and 256 × 256
points respectively).
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the glass underneath to be exposed. In Figures 4.9c and 4.9d however, larger gaps

in the polymer film are visible. Height profiles across two of these gaps are shown in

Figure 4.11, where it can be seen that these gaps are much larger, approximately 1 -

2 µm across, and the dents themselves are 100 - 200 nm in depth, similar to the gaps

in the polymer film reported by Page et al..29 This is not only further indication that

these samples have been replicated successfully, but due to their depth, as proposed

in Section 4.3.2.1 they are assumed to reveal the glass underneath. Figures 4.9c and

4.9d are therefore proposed to show the edge of a PoG surface type 2 area, at the

intersection with PoG surface type 3 area, as highlighted by Figures 4.9a and 4.9b.
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(a)

(b)

Figure 4.10: Polystyrene on glass: AFM area 1 - small dent profile
(a) The 5 × 5 µm AFM image previously shown in 4.9a, with a green line indicating the

position of the height profile shown in (b).
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(a)

(b)

Figure 4.11: Polystyrene on glass: AFM area 1 - larger dent profiles
(a) the 10 × 10 µm AFM image previously shown in 4.9d, with lines labelled “A” and

“B” showing the positions of the two height profiles “A” and “B” shown in (b).
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A fourth surface type, PoG surface type 4, was observed during AFM mea-

surements, but had not been observed in the low-vacuum SEM measurements. An

area of what appear to be small, circular structures standing proud on an oth-

erwise reasonably flat surface was imaged at two different magnifications and is

presented in Figure 4.12. The height profiles shown in Figures 4.13 and 4.14 show

that these structures are between 75 - 90 ± 2 nm across and 14 - 17 ± 0.5 nm high

(Figure 4.13), and 100 ± 10 nm across and 11 - 12 ± 0.5 nm high (Figure 4.14).

Although it is not immediately clear what these structures are, polystyrene nano-

spheres have been reported in the literature as small as 50 nm across, so it is possible

that small polystyrene structures have formed and are embedded in the otherwise

flat polystyrene film.138

(a) (b)

Figure 4.12: Polystyrene on glass: AFM area 2
Two AFM images at different magnifications of the same area on the PoG surface. (a) is
a 1 × 1 µm AFM image with a pixel size of approximately 4 × 4 nm (256 × 256 points)

and (b) is a 5 × 5 µm AFM images with a pixel size of approximately 20 × 20 nm
(256 × 256 points).
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(a)

(b)

Figure 4.13: Polystyrene on glass: AFM area 2 - 1 × 1 µm AFM image
(a) The 1 × 1 µm AFM image previously shown in Figure 4.12a, with a green line

indicating the position of the height profile shown in (b).

201



In addition to the raised structures on the film, there are also small dents visible

in the surface shown in Figure 4.12b, with similar proportions to the structures

which stand proud of the surface, being 100 ± 10 nm across and 13 ± 0.5 nm deep;

a height profile across two raised and two recessed features is shown in Figure 4.14

for illustration. Due to the dimensions of these dents being remarkably similar to

the dimensions of the raised features on the surface, it is perhaps possible that a

polystyrene nano-structure which was embedded in the surface at these points had

since been removed, revealing a dent. Being considerably shallower than 100 nm

however, it is proposed that these dents do not reveal the glass surface underneath.

Although this fourth surface type does not show any dents proposed to be deep

enough to reveal the glass surface underneath, and therefore may not have relevance

for surface charge measurements, it is still worthy of note, in case similar structures

are observed during mapping with SICM.

The polystyrene used in these experiments is approximated below to be small

enough to have formed these structures. When polymers are dissolved in solution,

they will adopt random orientations, folded around on themselves; how large the

resulting coiled structure is will depend on the molecular weight of the polymer, as

well as the bulkiness of the side chains. The radius of gyration can be used as a

measure of the resulting size of this random orientation in solution, as it is the aver-

age distance between each monomer and the centre of gravity of the polymer.139,140

Equation 4.1 shows an empirical equation from Teraoka, determined for polystyrene

in toluene and benzene solutions, as an approximation for the polystyrene in chloro-

form used in these experiments,141 the radius of gyration in nm, Rg, can be estimated
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from the molecular weight in g/mol, M :

Rg = 0.01234×M0.5936 (4.1)

The polystyrene used in these experiments had an average M of 35,000 g/mol, so

Rg can be estimated as:

Rg = 0.01234× (35, 000)0.5936 = 6.15 nm

As this Rg is around half the depth and height of the recessed and raised features

in the polymer film, it is possible that the polystyrene used in these experiments

agglomerated to form these larger structures on and in the polymer film. This

estimated Rg of around 6 nm also implies that the film is multi-layered and not a

monolayer, as some sections of the film in Figure 4.11 were found to have dents of

up to 100 - 200 nm deep.

Although images were obtained for the PoG sample with AFM, and the same

features observed in the low-vacuum SEM micrographs are also shown in the AFM

images, the features across these images are not well resolved, which had not been

anticipated for such a relatively flat surface. It is proposed that this lack of clarity

in the images is due to the polystyrene film not actually being adhered to the glass

surface. As the AFM tip traced across the surface, it is possible that it disturbed

or moved the film slightly, creating a blurring of the feature edges in the images, as

the surface was not entirely static.
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(a)

(b)

Figure 4.14: Polystyrene on glass: AFM area 2 - 5 × 5 µm AFM image
(a) The 5 × 5 µm AFM image previously shown in Figure 4.12b, with a blue line

indicating the position of the height profile shown in (b).
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4.3.2.3 Scanning Ion Conductance Microscopy

Replicating the surface charge mapping experiments reported by Page et al. proved

more challenging than initally anticipated.29 A selection of topographical images

obtained using SICM for the PoG surface are shown in Figure 4.15 below. All

three SICM images show raised structures similar to those in the PoG surface type

4 which was observed using AFM (Figure 4.12, page 200), but not in the low-

vacuum SEM micrographs. The raised structures in these SICM images appear

blurred around the edges, possibly indicating that they are not fully static on the

surface, and are partially dissolved in the electrolyte. Beneath the raised structures

in Figure 4.15a, two raised ridges can be seen running horizontally across the image;

these are thought to be due to imperfections in the glass. The third SICM image

shown in Figure 4.15c shows a predominantly flat surface with large raised features,

however unlike Figures 4.15a and 4.15b, shows one small dent in the surface, which

as can be seen in Figure 4.17 is approximately 100 nm deep. This dent fulfills the

criterion determined from the AFM images and low-vacuum SEM micrographs for

a PoG surface type 2 dent, and was therefore selected for surface charge mapping

in case the dent was deep enough to reveal the glass surface underneath.
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(a) (b)

(c)

Figure 4.15: Polystyrene on glass: SICM topographical maps
Three SICM topographical maps of the PoG surface, (a) being a 14.4 × 14.4 µm SICM
image with a pixel size of 400 × 400 nm, (b) being a 18.6 × 18.6 µm SICM image with a
pixel size of 200 × 200 nm and (c) being a 20 × 20 µm SICM image with a pixel size of

400 × 400 nm.
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Figure 4.16a shows the 20 × 20 µm topographical image originally shown in

Figure 4.15c alongside a topographical map of the same area which was obtained

during a subsequent surface charge mapping mode scan (Figure 4.16b). These two

images are also shown with an equalization function applied in Figures 4.16c and

4.16d respectively to better visualise the structures on the surface. Three features

which appear in both of these images are compared across Figures 4.17 and 4.18, and

show good repeatability in terms of heights and widths of features across the two

images. The 100 nm deep dent previously identified as a good contender for surface

charge mapping in Figure 4.15c is also observed in Figure 4.16b, and as can be seen

in Figure 4.17, both dents are approximately 100 nm deep, and > 1 µm across.

The two SICM images portray the shape of the dent slightly differently, but this is

assumed to be due to the dent being only a few pixels wide, and thus falling prey

to the issues surrounding feature shape determination accuracy for SPMs discussed

in Chapter 1: Introduction, Section 1.5.
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(a) (b)

(c) (d)

Figure 4.16: Polystyrene on glass: SICM topography - 20 × 20 µm map
Two SICM topographical images obtained on the same area of a PoG surface. (a) Shows
the 20 × 20 µm SICM topographical map originally shown in Figure 4.15c, which was

obtained using a normal SICM hopping mode. (b) shows a 20 × 20 µm SICM
topographical map with a pixel size of 400 × 400 nm of the same area, but obtained

during a surface charge mapping mode scan. (c) and (d) show the same maps from (a)
and (b) respectively, with equalization functions applied to better see the features by

ignoring the bright spots in the original images.
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(a) (b)

(c)

Figure 4.17: Polystyrene on glass: SICM height profiles - dent
(a) and (b) show the two SICM topographical images originally shown in Figures 4.15c
and 4.16b respectively, with blue and green lines showing the positions of the height

profile traces across a dent in the surface which are displayed in (c).

209



(a) (b)

(c)

Figure 4.18: Polystyrene on glass: SICM height profiles - raised features
(a) and (b) show the two SICM topographical images originally shown in Figures 4.15c
and 4.16b respectively, with blue and green lines showing the positions of the height
profile traces across two raised features on the surface which are displayed in (c).
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The current response maps for the area shown in Figure 4.16b unfortunately did

not indicate any significant surface charge heterogeneities. Figure 4.19 shows the two

maps for the current responses at the bottom and top of each hop (Figures 4.19a and

4.19b respectively) and the difference between the two, the net current response map

for each point, is shown in Figure 4.19c. The equalized version of the simultaneously

obtained topographical map, previously shown in Figure 4.16d, was re-plotted in

Gwyddion 2.55,a and re-shown in Figure 4.19d for ease of comparison. When the

net current response map (Figure 4.19c) and topographical map (Figure 4.19d) are

compared side by side, it can be seen that there is no correlation of topographical

features with current response signal. A discussion of why these experiments may

have failed to yield the expected results is included later on in Chapter 7: Discussion,

Section 7.5.

athe original, Figure 4.16d, was plotted in WSxM 5.0 Develop 9.4
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(a) Current response at bottom of hop (b) Current response at top of hop

(c) Current response difference (d) Simultaneous topographical map

Figure 4.19: Polystyrene on glass: SICM current response
Outputs from the surface charge mapping mode scan carried out on the area shown in
Figure 4.16. (a) Shows the current responses recorded at the bottom of each hop in the
topographical image, (b) shows the current response recorded at the top of each hop in

the topographical image, (c) shows a plot of the differences between the current
responses at the top and bottom of each hop, and (d) is a re-plotting in Gwyddion of the

topographical map originally shown in Figure 4.16b.
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4.4 Summary and conclusions

Overall, surface charge mapping using SICM is expected to have great potential

in the field of oil and gas recovery, as well as other geological applications such as

CCS, with numerous wetting behaviours thus far being attributed to surface charge

manipulation and distribution in the literature, yet none directly mapped at the

time of writing.88,89,118–120,125 The behaviours of interest discussed here were the

pH-dependency of the charge on clay particles,118,125 the LSF effect, and how this

behaviour is potentially explained by changes in the DDLs of the rock surface and

the crude oil,119,120 and the impact of reducing or oxidising environments on the

wettability of surfaces, such as the redox-active Fe in sandstones such as Bandera

Brown.88,89 All of these effects can have an impact on the wettability of rock sur-

faces, and thus the oil recovery yields from reservoirs; increased understanding of

these behaviours are therefore of great interest to the oil industry, such that EOR

techniques can be selected and tailored more effectively to best make use of each

reservoir.

In anticipation of the establishment of surface charge mapping on the SICM of

outcrop rocks, SICM topographical mapping of Estaillades in an organic electrolyte

in air was successfully achieved; this is of importance as no reports in the literature

of using organic electrolytes in air on the SICM had been reported at the time of

writing.

The scanning ion conductance microscope used in this work was equipped with a

surface charge mapping mode based on the pulsed-potential SICM mode described

by Page et al. in 2016.29 Replication of Page et al.’s work on a polystyrene film on
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glass was of limited success. Imaging using AFM and low-vacuum SEM indicates

that the samples themselves were replicated successfully, and although topograph-

ical maps of this samples were successfully acquired using SICM, surface charge

heterogeneity mapping by probing the current response remained elusive.

Although numerous attempts were made to find a suitable area of the PoG

surface for surface charge mapping using SICM, none located a section with clear

surface charge heterogeneities before the conclusion of the project. Further work

to this end is however underway as part of an extension of the SDRP, due to the

range of pertinent topics it has the ability to contribute to in the field of oil and gas

recovery.
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Chapter 5

Carbonate Ageing Studies

5.1 Overview

In core flood experiments, it is common to take measurements before and after an

“ageing” process has been performed on the outcrop rock under investigation.142–144

An ageing process aims to simulate the wettability-altering effects of exposing a

reservoir rock to crude oil over 1000s of years, typically by exposing the outcrop

rock to crude oil at elevated temperatures and pressures for an extended period of

time.142–144 In the experiments described in this chapter, samples were placed in

crude oil in sealed glass jars at 70 ◦C for 28 days; although a pressure cell was not

employed, it is expected that within the sealed glass jar, the elevated temperature

would have caused the pressure inside the jar to increase - see Section 5.2 for an

estimation of this pressure.142 Samples in this section referred to as “aged” will have

undergone this artificial ageing procedure, and samples referred to as “unaltered”

have been imaged without prior crude oil exposure.
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The common ageing approach taken in the literature required an additional step

to be included in order to produce samples suitable for low-vacuum SEM. After a

typical ageing procedure, the excess crude oil is dabbed off the outside of the sample

before being used directly in core flood experiments.142–144 Instead, here, after the

sample was removed from the crude oil, it was placed inside a clean glass jar and

heated once more to 70 ◦C, allowing any volatile compounds to evaporate, leaving

the surface dry. The samples were then placed inside a vacuum desiccator prior to

SEM imaging, to ensure that no volatile components remained on the surface.

Samples were imaged with three techniques: low-vacuum SEM, AFM and SICM.

For all samples, low-vacuum SEM imaging was performed first, then AFM imaging,

and finally SICM imaging. This order was selected as although low-vacuum SEM

locally, very slightly, damages the area which was directly imaged with the electron

beam, the majority of the sample remains unaltered, and it is also the most sensitive

technique in terms of sample preparation. SICM on the other hand was deemed the

most likely out of the three techniques to alter the crude oil film on the sample

surface, due to the requirement to submerge the sample in an aqueous salt solution.

To investigate the suitability of SICM for mapping aged carbonate samples, a

pure calcite crystal and an Estaillades sample were selected. The calcite crystal

was chosen as sample of relatively simple topography and homogeneous mineral

composition, while the Estaillades sample was selected as a more complex surface

topographically and mineralogically, whilst still being deemed to have the most

simple surface out of the carbonate outcrop rocks studied in Chapter 3: Carbonates,

with the fewest individual surface types.
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5.2 Estimated Cell Pressure During Ageing

Table 2.1 in Chapter 2: Methods summarised the 100s of organic components in the

crude oil used in the experiments described in this thesis; due to the complexity of

the system, and as exact chemical information was not provided by Shell, it is not

possible to calculate the exact contribution from the crude oil to the pressure inside

the cell during ageing, but it can be approximated as follows. Roughly 50 mL crude

oil was used in each experiment; the crude oil used had a density of 0.8339 g/mL,

giving a mass of 41.70 g crude oil. 10.4 wt% of the crude oil was composed of C8

organics, 6.71 wt% of C9 and 7.30 wt% of C10 organics. It therefore follows that the

masses of the C8, C9 and C10 organics present were 4.34, 2.80 and 3.04 g respectively,

from the wt%s and the mass of the crude oil.

An estimation of the contribution from the crude oil to the pressure inside the

glass jar during ageing can be achieved by treating all C8 organics as n-octane, all

C9s as n-nonane and C10s as n-decane; the heavier organics can be ignored, as they

are assumed to have a negligible effect on the pressure, as the boiling points of

alkanes with carbon chains longer than C11 are > 200◦C.145 The molar masses of

n-octane, n-nonane and n-decane are 114.23, 128.26 and 142.28 g/mol respectively,

so the number of moles present of each of the components under consideration are:

number of moles = mass/molar mass

number of moles octane = 4.34/114.23 = 0.038 mol

number of moles nonane = 2.80/128.26 = 0.022 mol

number of moles decane = 3.04/142.28 = 0.021 mol

In order to estimate whether the crude oil itself had a significant impact on the
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pressure inside the vessel at elevated temperatures, it can be assumed that under

these conditions, the entirety of the octane, nonane and decane components have

evaporated, and are all gases. For the purposes of this hypothetical estimation,

these gases can be treated as ideal gases, and thus the ideal gas law in Equation 5.1

can be used:

PV = nRT (5.1)

where P is the pressure, V is the volume, n is the number of moles, R is the ideal gas

constant, and T is the temperature. The jar used would have had approximately

200 mL air space remaining after the crude oil was added, so rearranging for P, the

pressures of octane, nonane and decane, Poctane, Pnonane and Pdecane respectively, can

be estimated as:

Poctane =
0.038× 8.314× 343.15

0.2
= 542 Pa

Pnonane =
0.022× 8.314× 343.15

0.2
= 314 Pa

Pdecane =
0.021× 8.314× 343.15

0.2
= 300 Pa

The contribution from the air above the crude oil to the total pressure experi-

enced inside the vessel can then also be estimated. Treating the air above the crude

oil within the sealed vessel as an ideal gas, we can use the ideal gas law in Equation

5.1 once more. Since V, n and R were constant as the temperature increased within

the sealed vessel, we can write the following, where P x is the pressure at T = x K,

and P y is the pressure at T = y K respectively:
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Px

x
=

nR

V
=

Py

y

Using the values for standard temperature and pressure, x = 273.15 K and

Px = 100 kPa,146 we can predict Py, the air pressure inside the vessel during ageing

conditions at y = 343.15 K:

Py =
Pxy

x
=

100× 343.15

273.15
= 126 kPa

The cumulative contribution of the three most volatile components in the crude

oil, making up a total of 24.41 wt% of the crude oil, was only 1.156 kPa, with the

assumption that the entirety of each component had fully evaporated. It therefore

is clear that the contribution of the crude oil to the pressure within the ageing vessel

is negligible for the experiments described in this thesis, and that the pressure can

be estimated as around 126 kPa, or 1.24 atm.
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5.3 Low-Vacuum Scanning Electron Microscopy

The SEM work in the literature for the unaltered carbonates, as discussed in Chap-

ter 3: Carbonates, was predominantly carried out on samples which had been pol-

ished, coated and/or set in resin, recorded at fairly low magnification, and/or did

not showcase the full heterogeneity of the rock.20,92,94,107,108 At the time of writing,

limited work had been carried out using SEM to image aged carbonate outcrop

rocks.147–150 Similarly to the unaltered surfaces, SEM work in the literature has

either been carried out at a comparatively low magnification,147 on polished sam-

ples,148–150 and/or only presents one or two images of one surface type,147–149 not

showcasing the heterogeneity present on the surface. This work therefore adds to

previous work by imaging aged carbonates which have not been polished, at high

magnification, to showcase any heterogeneity present on the surfaces. It is of par-

ticular importance for these studies that the work was not carried out on polished

surfaces, such that any impact of the natural underlying topography on the crude

oil film can be observed.

5.3.1 Calcite

Low-vacuum SEM micrographs of aged calcite were collected for a range of different

post-ageing conditions. Low-vacuum SEM micrographs were collected immediately

post-ageing, but were also collected for the surface after AFM and SICM imaging had

taken place, to observe whether the use of SICM had altered the surface in any way.

A second aged calcite sample, Aged Calcite 2, was also imaged using low-vacuum

SEM immediately post-ageing but then left in air for 2 months prior to low-vacuum
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SEM imaging once more. This second sample provides a comparison for the first

sample, Aged Calcite 1, which had undergone the full set of characterisations, to

ensure that any observed surface alterations were the result of AFM and SICM

imaging, and not just deterioration due to age.

5.3.1.1 Post-Ageing

An overlay of four low magnification low-vacuum SEM micrographs of one area of

the Aged Calcite 1 surface is shown in Figure 5.1, and a second overlay of five

low magnification low-vacuum SEM micrographs from the Aged Calcite 2 surface is

shown in Figure 5.2. Aged Calcite 1, pictured in Figure 5.1, was used for subsequent

AFM and SICM imaging, before being imaged once more using low-vacuum SEM

to determine if any surface alterations at taken place. Aged Calcite 2, imaged in

Figure 5.2, was kept in air after imaging with SEM, then re-imaged 2 months later

as a comparison for the Aged Calcite 1 after AFM and SICM imaging, to determine

whether any surface alterations had occurred as a result of the age of the sample, or

as the direct consequence of SPM imaging. The results from these subsequent SEM

experiments are discussed later in this chapter, in Sections 5.3.1.2 and 5.3.1.3.

A low-vacuum SEM micrograph of an unaltered calcite surface, originally shown

in Chapter 3: Carbonates, Figure 3.4, is re-shown in Figure 5.3. When compared

to the aged surfaces shown in the overlays in Figures 5.1 and 5.2, it appears that

during the ageing process, the crude oil has formed a film covering the majority of

the calcite surface. The low-vacuum SEM micrograph at the bottom of Figure 5.1

is shown by itself, rotated 90◦, in Figure 5.4. Aged calcite areas A - C are labelled

on Figure 5.4, and shown at higher magnification in Figures 5.5 - 5.8 respectively.
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Figure 5.1: Aged Calcite 1: SEM Overlay
An overlay of four low-vacuum SEM micrographs of Aged Calcite 1. The individual

micrographs which make up this overlay can be found in Appendix B, Figures B.9 - B.12.
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Figure 5.2: Aged Calcite 2: SEM Overlay
An overlay of five low-vacuum SEM micrographs of Aged Calcite 2. The individual
micrographs which make up this overlay can be found in Appendix B, Figures B.13 -

B.17.
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Figure 5.3: Calcite: high magnification SEM micrograph of an unaltered surface
The higher magnification low-vacuum SEM micrograph of an unaltered calcite surface

previously shown in Chapter 3: Carbonates, Figure 3.4, page 95.

Figure 5.4: Aged Calcite 1: SEM micrograph with labelled areas of interest
The right-hand low-vacuum SEM micrograph from the overlay in Figure 5.1 showing the
fields of view for the three higher-magnification low-vacuum SEM micrographs, A-C,

presented in Figures 5.5 - 5.8 below respectively.
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Figure 5.5 shows aged calcite area A at higher magnification. From these micro-

graphs it can be seen that smooth, raised crude oil agglomerates of a few µm across,

made up of almost spherical oil droplets are present across the surface, creating a

much rougher surface than was observed for unaltered calcite in Chapter 3: Carbon-

ates. A straighter structure, which could be the edge of a calcite plane, appears to

be visible underneath the agglomerates, which as can be seen at the increased size

in Figure 5.6, is itself also coated in smaller agglomerates. Areas similar to the one

shown in Figure 5.5 are classified as aged calcite surface type 1.

(a) (b)

Figure 5.5: Aged Calcite 1: high magnification SEM micrographs of area A
Two higher magnification low-vacuum SEM micrographs of the area labelled “A” on the

aged calcite surface shown in Figure 5.4. Both depict aged calcite surface type 1.

Figure 5.7 shows a high magnification low-vacuum SEM micrograph of aged

calcite area B. The right hand side of the image appears to show a region of aged

calcite surface type 1, however towards the left a rougher section is present. This

rougher area does not show the same smooth agglomerates as surface type 1, instead

showing a larger agglomerate of smaller droplets. This agglomerate is 10s of µm

across and appears to also sit thicker on the calcite surface than surface type 1.

These characteristics are classified as aged calcite surface type 2.
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Figure 5.6: Aged Calcite 1: high magnification SEM micrograph of area A - zoomed in
A zoom in of the area of Figure 5.5a which appears to be a calcite crystal plane edge

coated with small crude oil agglomerates.

Figure 5.7: Aged Calcite 1: high magnification SEM micrograph of area B
A higher magnification low-vacuum SEM micrograph of the area labelled “B” on the
aged calcite surface shown in Figure 5.4, depicting aged calcite surface types 1 and 2.

Aged calcite surface type 3 is labelled in Figure 5.8, which is a higher magnifi-

cation low-vacuum SEM micrograph of the area labelled “C” in Figure 5.4. This

third surface type represents an area of the calcite surface which does not appear

to have been coated with crude oil, with the unaltered calcite surface apparently
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visible. In this case, this un-coated surface is unaltered calcite surface type 2, as

defined in Chapter 3: Carbonates, Section 3.2.1,a which can also be seen towards

the right hand side of Figure 5.3 in this chapter. Aged calcite surface types 1 and 2

are also present in Figure 5.8, and are annotated on the micrograph.

Figure 5.8: Aged Calcite 1: high magnification SEM micrograph of area C
A higher magnification low-vacuum SEM micrograph of the area labelled “C” on the

aged calcite surface shown in Figure 5.4, depicting aged calcite surface types 1, 2 and 3.

Figure 5.2 on page 223 showed an overlay of five low-vacuum SEM micrographs

of the Aged Calcite 2 surface. Three higher magnification images of this surface are

presented in Figure 5.9. The oil film’s surface coverage over this sample is much more

uniform than observed for Aged Calcite 1 in Figure 5.1. There is also an absence of

the smooth agglomerates present in aged calcite surface type 1, the entirety of the

surface being made up of irregular oil droplets similar to those observed in surface

type 2, but more evenly distributed across the flat surface. As this surface type was

not observed in Figure 5.1, the surface shown in Figure 5.2 and in greater detail in

Figure 5.9, is classified as aged calcite surface type 4.

aa summary of unaltered calcite surface types can be found in Table 3.1, page 96
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(a) (b)

(c)

Figure 5.9: Aged Calcite 2: high magnification SEM micrographs of surface type 4
Three higher magnification low-vacuum SEM micrographs of the aged calcite surface

shown in Figure 5.2.

To serve as a comparison for the aged calcite samples, EDX data for the unaltered

calcite surface type 4a, as defined in Chapter 3: Carbonates, Section 3.2.1, was

collected and is shown below in Figure 5.10. As was expected from a pure calcite

crystal, the elements present on the calcite surface were Ca, C and O, and were

evenly distributed across the surface. A further EDX scan was carried out on calcite

area 4b, data from which can be found in Appendix B, Figure B.32, which showed

identical elements present and similar distributions.
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(a) (b)

(c) (d)

(e)

Figure 5.10: Calcite: EDX results for surface type 4a
EDX results for area 4a of the calcite surface defined and labelled in Figure 3.6a in

Section 3.2.1. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) and (d)
show the C, O and Ca distribution maps for the area respectively, and (e) shows the

X-ray energy spectrum for the image, with element assignments labelled.
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EDX was carried out on a few areas of the Aged Calcite 2 surface during low-

vacuum SEM imaging, to give a reference for the studies later conducted on Aged

Calcite 1 after AFM and SICM imaging. Element distribution maps from the region

towards the center of the Aged Calcite 2 overlay in Figure 5.2 (page 223) are shown

in Figure 5.11, alongside the associated micrograph. The X-ray energy spectrum for

this scan is shown in Figure 5.11e; the characteristic Ca peak at 3.69 keV, clearly

visible in the unaltered calcite spectrum in Figure 5.10e, is marked to highlight its

absence from the spectrum. The elements present in the spectrum are predomi-

nantly C with a small amount of O and S, and can be seen to be evenly distributed

across the surface. This to be expected from a crude oil film, as crude oil is predomi-

nantly made up of a wide range of hydrocarbons, with small amount of S-containing

compounds;151 as stated in Chapter 2: Methods, Table 2.1, the crude oil used in

these studies contained 0.792 % S. The lack of any Ca signal would indicate that

the oil film fully covers the investigated surface and likely exceeds 2 µm thick, as

this is the sensitivity depth of EDX.83

It is generally accepted that using EDX for quantitative measurements of the

wt% compositions of light elements is not advisable, as their low energy charac-

teristic X-rays are readily absorbed by other elements.152 Despite this, the relative

heights of the O and C peaks in the X-ray energy spectra can still be compared

qualitatively. In the unaltered calcite EDX spectrum in Figure 5.10e, the O peak is

substantially higher than the C peak, which is expected, as the formula for calcite

is CaCO3. In the aged sample however, the O peak in Figure 5.11e is very small,

and the C peak comparatively much larger. Again, this is expected from a crude
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(a) (b)

(c) (d)

(e)

Figure 5.11: Aged Calcite 2: EDX results
EDX results for Aged Calcite 2, from the section at the center of Figure 5.2. (a) Shows
the low-vacuum SEM micrograph of the area, (b), (c) and (d) show the S, O and C

distribution maps for the area respectively, and (e) shows the X-ray energy spectrum for
the image, with element assignments labelled.
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oil hydrocarbon film, which is predominantly made up of alkanes, cycloalkanes and

aromatics of varying weights, and thus this surface is expected to be more C-rich.153

Two further EDX scans were carried out on other areas of the Aged Calcite 2

surface, data from which is shown in Appendix B, Figures B.33 and B.34, both

showing the same elements and similar distributions to those shown in Figure 5.11.

5.3.1.2 Post-Ageing, post-SICM Measurements

After SICM imaging, visual inspection of the aged calcite surface showed areas which

had lightened compared to the freshly aged sample, and indeed compared to the

sample surface after low-vacuum SEM and AFM imaging. The sample was there-

fore once again imaged with low-vacuum SEM to gain an insight into the possible

surface alterations which may have occurred during SICM topographical mapping.

Figure 5.12 shows an overlay of nine low-vacuum SEM micrographs of the Aged Cal-

cite 1 surface after SICM measurements had taken place. When compared back to

the relatively homogeneous aged calcite surfaces presented in Section 5.3.1.1, surface

alterations, possibly due to exposure to the electrolyte, have clearly occurred.

Aged calcite post-SICM surface type 1 is shown in the higher magnification

low-vacuum SEM micrographs in Figure 5.13, from the region labelled “B” on Fig-

ure 5.12. These micrographs show an example of one of the darker, rougher regions

of the aged calcite surface visible in Figure 5.12, which are similar to aged calcite

surface type 4. It is assumed that these regions are the crude oil film which has

remained attached to the calcite surface.
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Figure 5.12: Aged Calcite post-SICM: SEM Overlay
An overlay of nine low-vacuum SEM micrographs of an aged calcite crystal after SICM
measurements had been performed. Labelled boxes A-C indicate the three areas where
EDX measurements were performed. The individual micrographs which make up this

overlay can be found in Appendix B, Figures B.18 - B.26.
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(a) (b)

(c)

Figure 5.13: Aged Calcite post-SICM: SEM micrographs of surface type 1
A set of higher magnification low-vacuum SEM micrograph of surface type 1 of the

post-SICM Aged Calcite 1 surface. (c) shows the area labelled “B” in Figure 5.12, with
(a) and (b) being higher magnification images of the same area.

A low-vacuum SEM micrograph of aged calcite post-SICM surface type 2 is

shown in Figure 5.14, which is the micrograph labelled “A” in the overlay in Fig-

ure 5.12. This surface type represents the paler, smoother regions of the post-SICM

aged calcite surface, and upon first inspection appear to be the re-exposed calcite

surface, due to its similarity to the unaltered calcite images from Chapter 3: Car-

bonates. Aged calcite post-SICM surface types 1 and 2 are annotated on Figure 5.14

for clarity.
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Figure 5.14: Aged Calcite post-SICM: SEM micrograph of surface types 1 and 2
A low-vacuum SEM micrograph of surface types 1 and 2 of the region of post-SICM

Aged Calcite 1 surface labelled “A” in Figure 5.12.
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An EDX scan was performed on the area labelled “A” in Figure 5.12, results

from which are shown in Figure 5.15. Comparing the O distribution map with

the SEM micrograph, side by side in Figures 5.15a and 5.15b, the paler areas,

defined as surface type 2, appeared to contain considerably more O than the darker,

rougher areas, defined as surface type 1, which would align with the hypothesis

that these regions were exposed calcite. However, there is an absence of any Ca

peak at 3.69 keV in the spectrum in 5.15d, which would be expected if calcite were

exposed. It is therefore proposed that this area is not exposed calcite, but is an

area where the crude oil film has become smooth and flat, reflecting the topography

of the calcite crystal underneath. The darker, rougher areas are where the crude

oil film remains similar to how it was prior to SICM mapping. Although there is

insufficient evidence to point towards a clear explanation, it is possible that during

exposure to the KCl(aq) electrolyte during SICM imaging, partial separation of the

crude oil components has occurred on the calcite surface, with areas of more oxygen-

rich organics separated from less oxygen rich material. It remains unclear however

why some areas were affected and others were not, given the chemical and relative

topographical homogeneity of the surface; this phenomenon is discussed further in

Chapter 7: Discussion, Section 7.4.3.
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(a) (b)

(c)

(d)

Figure 5.15: Aged Calcite post-SICM: EDX result for area A
EDX results for the post-SICM measurement Aged Calcite 1 surface imaged by SEM

shown Figure 5.14. (a) Shows the low-vacuum SEM micrograph of the area, (b) and (c)
show the O and N distribution maps for the area respectively, and (d) shows the X-ray

energy spectrum for the image, with element assignments labelled.
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EDX results for the two other areas of interest on the post-SICM Aged Calcite 1

surface, labelled “B” and “C” in Figure 5.12, are shown in Appendix B, Figures B.35

and B.36, as they show the same elemental compositions, with similar distributions

across the two surface types as the data shown in Figure 5.15.

5.3.1.3 Post-Ageing, Stored in Air

Aged Calcite 2, instead of being characterised by AFM and SICM, was left in air for

months before being re-imaged with low-vacuum SEM. This sample was investigated

to determine whether the changes observed post-SICM on the aged calcite surface

in Section 5.3.1.2 were the impact of SICM imaging or simply age. Five low-vacuum

SEM micrographs of this “old” Aged Calcite 2 surface are overlain in Figure 5.16,

where it can be seen that the surface is similar to the low-vacuum SEM results

immediately after ageing, with a crude oil film covering the whole surface. The

regions of the surface towards the bottom of Figure 5.16 is most similar to the aged

calcite surface type 4, identified on Aged Calcite 2 immediately after ageing. This

can be seen clearly in the high magnification low-vacuum SEM micrograph of the

area labelled “1”, shown in Figure 5.17. Towards the top of 5.16 however, smoother,

rounded structures appear to have formed on the surface of the crude oil film, which

can be observed more clearly in the high magnification low-vacuum SEM micrograph

of the area labelled “2” shown in Figure 5.18. Due to the observation of these new

structures, the two areas labelled 2 and 3 on the overlay in Figure 5.16 were selected

for further investigation with EDX.
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Figure 5.16: “Old” Aged Calcite: SEM Overlay
An overlay of five low-vacuum SEM micrographs of an aged calcite crystal after it had

been stored in air for two months. Three areas of interest are labelled 1 - 3; 2 and 3 were
selected for EDX analysis. The individual micrographs which make up this overlay can

be found in Appendix B, Figures B.27 - B.31.
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Figure 5.17: “Old” Aged Calcite: high magnification SEM micrograph of area 1
A higher magnification low-vacuum SEM micrograph of the area labelled “1” on the old

aged calcite surface shown in Figure 5.16.

Figure 5.18: “Old” Aged Calcite: high magnification SEM micrograph of area 2
A higher magnification low-vacuum SEM micrograph of the area labelled “2” on the old

aged calcite surface shown in Figure 5.16.
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Figures 5.19 and 5.20 show the EDX results for the two areas labelled 2 and 3 in

Figure 5.16 respectively. When comparing Figures 5.19a and 5.19c and Figures 5.20a

and 5.20c for areas 2 and 3 respectively, a clear correlation between the smooth,

rounded structures and a higher concentration of oxygen being present can be ob-

served. These smooth structures were not necessarily caused by the same effects as

the smooth areas observed in post-SICM aged calcite surface type 2 (Figure 5.14,

page 235), but there are common characteristics. Both surfaces are smoother than

the freshly aged rough surfaces, and both surfaces appear to be oxygen-rich in com-

parison to the rougher areas. The oxygen-rich areas are larger in the post-SICM

Aged Calcite 1 sample than those observed on the old Aged Calcite 2 sample. It

is possible that the process that caused the formation of the smooth oxygen-rich

areas, which was hypothesised in Section 5.3.1.2 to be due to the partial separation

of the crude oil film into oxygen-rich and less-oxygen-rich components, was accel-

erated by the exposure to the KCl(aq) electrolyte, and that the old Aged Calcite

sample demonstrated a less progressed segregation of the film. Unfortunately, there

is insufficient evidence to make any conclusive remarks on these results, and further

studies would be necessary to fully understand the observed behaviour.
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(a) (b)

(c) (d)

(e)

Figure 5.19: “Old” Aged Calcite: EDX results for area 2
EDX results for area 2 of the “old” aged calcite 2 surface shown and labelled in

Figure 5.16. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) and (d)
show the S, O and N distribution maps for the area respectively, and (e) shows the X-ray

energy spectrum for the image, with element assignments labelled.
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(a) (b)

(c) (d)

(e)

Figure 5.20: “Old” Aged Calcite: EDX results for area 3
EDX results for area 3 of the “old” aged calcite 2 surface shown and labelled in

Figure 5.16. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) and (d)
show the S, O and N distribution maps for the area respectively, and (e) shows the X-ray

energy spectrum for the image, with element assignments labelled.
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5.3.1.4 Summary

Overall, four surface types were identified across the freshly aged calcite samples,

two on the aged calcite sample after SICM imaging and two on the old aged calcite

sample. Mostly qualitative descriptions, with some semi-quantitative information,

of these surface types are summarised in Table 5.1, alongside lists of elements picked

up in the EDX, if carried out for that surface type. This table helps to visualise not

only the heterogeneity of these crude-oil covered surfaces, but also the alterations

the crude-oil film appears to undergo.

Aged Calcite
Surface
Type

Description
EDX
Signals

Aged 1

1
Spherical droplets of 1-2 µm across on
an otherwise smooth crude oil film

2
Agglomerates 10s of µm across of the
smaller droplets

N/A

3
Regions which do not have any droplet
structures present

Aged 2 4
Irregular deposits on an otherwise
smooth crude oil film

C, O and S

Post-SICM

1
Irregular deposits on an otherwise
smooth crude oil film

N, little O

2
Smooth surface without any droplets or
deposits

N, lots O

Old aged

1
Irregular deposits on an otherwise
smooth crude oil film

N, little
O and S

2
Smooth, raised, rounded structures
within the irregular droplet film

N, little
S, lots O

Table 5.1: Aged Calcite Surface Types
A summary of the different surface types identified on the aged calcite samples:

qualitative descriptions based on low-vacuum SEM micrographs and summaries of
relevant EDX data.
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5.3.2 Estaillades

Two Estaillades samples were aged and mapped with low-vacuum SEM in order to

gain an insight into the crude oil film coverage on a more structurally complex surface

than the calcite surface previously described. Due to the observed differences in the

aged calcite’s crude oil film before and after characterisation with SICM, Estaillades

was also imaged with low-vacuum SEM after characterisation with SICM.

5.3.2.1 Post-Ageing

The first Estaillades sample which was aged and imaged under low-vacuum SEM

was unfortunately not imaged with SICM prior to the COVID-19 lockdown in March

2020. A second Estaillades sample was therefore aged later in the year when lab-

oratories re-opened, so that SICM measurements could be carried out whilst the

sample was still new. Overlays of low-vacuum SEM micrographs of both of these

aged Estaillades samples are shown in Figures 5.21 and 5.22.

Four higher-magnification low-vacuum SEM micrographs from the region in the

first overlay (Figure 5.21) are shown in Figure 5.23. All four of these micrographs

show similar surfaces, and display characteristics similar to aged calcite surface types

1 and 2. These areas are covered with a film of smooth oil droplets on the order of

1 µm across, forming a continuous agglomerate film across the surface. The similar-

ity with aged calcite surface type 1 is that the oil droplets are smooth, and larger

than those in aged calcite surface type 2. However, the extensive agglomeration

of these droplets is closer in appearance to aged calcite surface type 2, and unlike

aged calcite surface type 1, which has flatter sections between each droplet or small
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agglomeration of droplets. This appearance of a continuous agglomerate film could

be in part due to Estaillades being a rougher surface that calcite. As the unaltered

Estaillades surface is itself made up of numerous raised features, it is perhaps not

possible to tell the difference between sections of the surface where the crude oil is

forming agglomerates of droplets and where it is simply coating the surface with an

even film. It is also likely that the droplets are more likely to form on the edges of

surface features, similarly to how droplets were visible on the aged calcite crystal

plane edge in Figure 5.6 on page 226, which would play more of a role in Estaillades.

Figure 5.21: Aged Estaillades 1: SEM Overlay
An overlay of six low-vacuum SEM micrographs of an aged Estaillades sample. The
individual micrographs which make up this overlay can be found in Appendix B,

Figures B.58 - B.63.
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Figure 5.22: Aged Estaillades 2: SEM Overlay
An overlay of five low-vacuum SEM micrographs of an aged Estaillades sample. The
individual micrographs which make up this overlay can be found in Appendix B,

Figures B.64 - B.68.
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An overlay of low magnification low-vacuum SEM micrographs from the second

aged Estaillades sample surface is shown in Figure 5.22, with two high magnification

low-vacuum SEM micrographs from this region shown in Figure 5.24, all showing

similar surfaces to those observed on the first aged Estaillades sample. The agglom-

erates visible in 5.24 are not as smooth as those on the first sample (Figure 5.23),

the crude oil film on this second sample being similar to that of aged calcite sur-

face type 4. There are also sections of smoother film, without raised agglomerate

structures, particularly towards the left of Figure 5.24a, which were not observed

in the low-vacuum SEM micrographs of the first aged Estaillades sample. These

smooth sections perhaps indicate a thicker crude oil film masking the topography

underneath, or could simply be a smooth crude oil film covering a flat section of Es-

taillades surface type 3, which was defined as being made up of larger, smooth-faced

calcite crystallites.
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(a) (b)

(c) (d)

Figure 5.23: Aged Estaillades 1: high magnification SEM micrographs
Four higher magnification low-vacuum SEM micrographs of the aged Estaillades surface

shown in Figure 5.21.

(a) (b)

Figure 5.24: Aged Estaillades 2: high magnification SEM micrographs
Two higher magnification low-vacuum SEM micrographs of the aged Estaillades surface

shown in Figure 5.22.
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EDX scans of Estaillades prior to ageing were performed to provide a comparison

for EDX scans post-ageing. Two regions which were selected for EDX mapping are

labelled on Figure 5.25 as A and B. A third area, C, is shown in Appendix B but

is not discussed here as the results are similar. The EDX data from areas A and B

are shown in Figures 5.26 and 5.27; area A is an example of Estaillades surface type

4 and area B is an example of Estaillades surface type 3, as defined in Chapter 3:

Carbonates, Section 3.2.3.

Figure 5.25: Estaillades: locations of EDX Areas A and B
A low-vacuum SEM micrograph of Estaillades, with the areas studied by EDX below in

Figures 5.26 and 5.27 labelled A and B respectively.
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(a) (b)

(c) (d)

(e)

Figure 5.26: Estaillades: EDX results for area A
EDX results for area A of the Estaillades surface imaged by SEM shown and labelled in
Figure 5.25. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) and (d)
show the Si, O and Ca distribution maps for the area respectively, and (e) shows the

X-ray energy spectrum for the image, with element assignments labelled.
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(a) (b)

(c) (d)

(e)

Figure 5.27: Estaillades: EDX results for area B
EDX results for area B of the Estaillades surface imaged by SEM shown and labelled in
Figure 5.25. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) and (d)
show the Si, O and Ca distribution maps for the area respectively, and (e) shows the

X-ray energy spectrum for the image, with element assignments labelled.
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As expected, the EDX scans for areas A and B of the Estaillades surface showed

the presence of Ca, Si and O, as Estaillades is primarily (97.2 - 99.6 %) composed of

calcite (CaCO3) with a small (0.4 - 2.8 %) quartz (SiO2) component, as summarised

in Table 1.1 in Chapter 1: Introduction.92,93,96 The distributions of these elements in

Figures 5.26b - 5.26d and 5.27b - 5.27d are relatively even, with the exception of a

small section towards the left of the Si map for area B in Figure 5.27b. This region

of area B’s Si map shows a localised higher concentration of Si, probably indicating

a higher-than-average concentration of quartz at that location on the surface.

Two regions on the first aged Estaillades sample surface, shown at high magnifi-

cation in Figures 5.23d and 5.23c (page 249), were mapped with EDX. The element

distribution maps for these regions are shown in Figures 5.28 and 5.29 respectively

alongside the relevant low-vacuum SEM micrographs. The associated X-ray energy

spectra are shown in Figures 5.30 and 5.31 respectively. From these maps and as-

sociated spectra, it can be seen that there is no longer a Ca or Si signal present,

which were both present in the unaltered Estaillades EDX data in Figures 5.26 and

5.27. The lack of Ca or Si peaks would indicate that the crude oil film has fully

covered the Estaillades surface in a film possibly exceeding 2 µm thick, as 2 µm

is the sensitivity limit for EDX,83 as was previously observed on the aged calcite

surface. The elements which are detected as being present, C, S, O and N, can all

be explained by the presence of crude oil, and are all evenly distributed across the

aged Estaillades surface.151,153
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(a)

(b) (c)

(d) (e)

Figure 5.28: Aged Estaillades: EDX element maps for area 1
EDX results for area 1 of the aged Estaillades surface imaged by SEM shown and

labelled in Figure 5.21. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c),
(d) and (e) show the S, O, C and N distribution maps for the area respectively. The

X-ray energy spectrum for this micrograph, with element assignments labelled is shown
in Figure 5.30.
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(a)

(b) (c)

(d) (e)

Figure 5.29: Aged Estaillades: EDX element maps for area 2
EDX results for area 2 of the aged Estaillades surface imaged by SEM shown and

labelled in Figure 5.21. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c),
(d) and (e) show the S, O, C and N distribution maps for the area respectively. The

X-ray energy spectrum for this micrograph, with element assignments labelled is shown
in Figure 5.31.
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Figure 5.30: Aged Estaillades: EDX X-ray energy spectrum for area 1
The X-ray energy spectrum for the micrograph show in Figure 5.28, with element

assignments labelled.

Figure 5.31: Aged Estaillades: EDX X-ray energy spectrum for area 2
The X-ray energy spectrum for the micrograph shown in Figure 5.29, with element

assignments labelled.
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5.3.2.2 Post Ageing, post-SICM Measurements

Due to the changes to the crude oil film observed on the aged calcite sample after

imaging under AFM and SICM, the aged Estaillades sample was also investigated

with low-vacuum SEM after characterisation with SICM. An overlay of six low-

vacuum SEM micrographs of the post-SICM aged Estaillades surface is presented

in Figure 5.32, with a black box indicating where EDX measurements were per-

formed. Higher magnification low-vacuum SEM micrographs from this region are

shown across Figures 5.33 and 5.34.

Figure 5.32: Aged Estaillades post-SICM: SEM Overlay
An overlay of six low-vacuum SEM micrographs of an aged Estaillades sample after

SICM measurements had been performed. A black box depicts where EDX
measurements were performed. The individual micrographs which make up this overlay

can be found in Appendix B, Figures B.69 - B.74.
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(a)

(b) (c)

Figure 5.33: Aged Estaillades post-SICM: high magnification SEM micrographs
Three higher magnification low-vacuum SEM micrograph of the aged Estaillades surface

after SICM measurements had been performed shown in Figure 5.32.

Figure 5.34: Aged Estaillades post-SICM: high magnification SEM micrograph
A higher magnification low-vacuum SEM micrograph of the aged Estaillades surface

after SICM measurements had been performed shown in Figure 5.32.
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The majority of the surface in Figure 5.32 appears to have remained unchanged

by the AFM and SICM mapping. This could possibly be due to a stronger adhesion

of the crude oil onto the Estaillades surface, preventing partial removal or segrega-

tion of the crude oil film. This enhanced adhesion would likely be a consequence of

the rougher Estaillades surfaces compared to calcite, as chemically Estaillades and

calcite are almost identical, with the literature reporting Estaillades as being com-

posed of 97.2 - 99.6 % calcite.92,93,96 Higher magnification images of the surface in

Figure 5.33 show the same agglomerate patterns of smooth crude oil droplets which

were observed in the freshly aged Estaillades sample in Figure 5.23 (page 249). The

aged Estaillades surface does not appear to have changed as a result of the SICM

measurements, unlike the aged calcite sample, where smooth oxygen-rich areas ap-

peared on the surface. It is unclear whether this has not occurred due to the crude

oil having a higher affinity for the Estaillades surface, or whether this is simply

due to the aged Estaillades sample perhaps not spending the same amount of time

submerged in KCl(aq) as the aged calcite sample.

Towards the top of the overlay in Figure 5.32 a smooth-sided raised structure

can be observed, and is shown at higher magnification in Figure 5.34. In order to

determine whether this structure was an exposed Estaillades surface feature, EDX

was performed, the results from which are shown across Figures 5.35 and 5.36. From

the element distribution maps in Figure 5.36, it appears that the elements present

on the smooth structure are Si, N, Na and O, with a little S. The particularly high

concentrations of Si and O compared to the surrounding areas could suggest that

this is a large, exposed quartz section of Estaillades, as quartz is reported as making
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up 0.4 - 2.8 % of Estaillades in the literature.92,93,96 This could possibly indicate

that the crude oil is less strongly adhered to quartz components on the surface.

The N and S components can be attributed to the presence of crude oil, as was

assigned previously in the freshly aged calcite and Estaillades samples’ EDX results.

The presence of Na however is peculiar, and could suggest that this structure is not

quartz, and is instead a contaminant, such as a small piece of glass, as Na2O is a

common component of borosilicate glass after SiO2.
154 This contamination, if it is

indeed a small fragment of glass, could be a chip off the glass vial in which it was

stored. The samples were removed from the vials using tweezers, so it is possible

that the tweezers may have chipped the mouth of the vessel during sample removal

or replacement.

Figure 5.35: Aged Estaillades post-SICM: EDX X-ray energy spectrum
The X-ray energy spectrum for the micrograph of the post-SICM aged Estaillades

surface shown in Figure 5.36.

260



(a) (b)

(c) (d)

(e) (f)

Figure 5.36: Aged Estaillades post-SICM: EDX element maps
EDX results for the area labelled on the post-SICM aged Estaillades surface shown in

Figure 5.32. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c), (d) and (e)
show the S, O, C and N distribution maps for the area respectively. The X-ray energy

spectrum for this micrograph, with element assignments labelled is shown in Figure 5.35.
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5.4 Atomic Force Microscopy

The use of AFM for the mapping of calcite or mica surfaces with either real crude

oils or, more often, model crude oils such as n-decane or asphaltenes have been

reported in the literature.22,110,111,113,155 Due to this precedence, AFM was selected

to investigate the aged calcite and Estaillades samples prior to SICM imaging in

order to provide comparison and validation.

5.4.1 Aged Calcite

Topographical maps of the aged calcite surface were obtained via AFM and are

presented in Figures 5.37 - 5.40 below. The first set of images in Figure 5.37 are two

5 × 5 µm images which have overlapping fields of view. The spherical structure in

the top right-hand corner of Figure 5.37a is present towards the right-hand side of

Figure 5.37b; this feature is picked out with a green guide square on both images

for clarity. These images appear to show a region of the aged calcite surface type 1

identified in Section 5.3.1.1, as smooth crude oil droplets on the order of 1 µm across

forming larger agglomerates are present, with flatter surfaces in between.

A similar region is shown in Figure 5.38, which shows four 10 × 10 µm images

with overlapping fields of view. The raised structure in the top left hand corner of

Figure 5.38a is present in the bottom left hand corner of Figure 5.38b. The recessed

feature which is present at the top of Figure 5.38b can be seen towards the bottom

of Figure 5.38c. Finally the top right hand corner of Figure 5.38c overlaps with the

bottom right hand corner of Figure 5.38d. For ease of visualisation, an overlay of

the four images is presented in Figure 5.39. All four images are of a relatively flat
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surface with crude oil droplets on the order of 1 µm across forming agglomerates.

The recessed feature seen at the top of Figure 5.38b, and the bottom of Figure 5.38c,

is possibly a gap in the crude oil film and may reveal the calcite underneath, but

may also reflect a dent in the calcite itself, such as the one observed on the unaltered

calcite surface type 4 shown in Figure 5.10a, page 229.

(a) (b)

Figure 5.37: Aged Calcite: Two AFM images of surface type 1
Two 5 × 5 µm AFM images of surface type 1 of an aged calcite surface with pixel sizes
of approximately 40 × 40 nm (128 × 128 points). The green guide square highlights a

feature which is present across both images, for ease of comparison.

The AFM images presented in Figure 5.40 show a slightly different surface type

to the AFM images presented in Figures 5.37 and 5.38. The two regions imaged here

are most similar to aged calcite surface type 2, which represents the larger crude

oil agglomerates made up of smaller, less rounded droplets. For ease of comparison,

the low-vacuum SEM micrograph previously shown in Figure 5.7 on page 226 is

re-shown in Figure 5.40c for comparison, with surface types 1 and 2 labelled.
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(a) (b)

(c) (d)

Figure 5.38: Aged Calcite: Four AFM images of surface type 1
Four 10 × 10 µm AFM images of surface type 1 of an aged calcite surface with pixel

sizes of approximately 80 × 80 nm (128 × 128 points).
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Figure 5.39: Aged Calcite: overlay of AFM images of surface type 1
The four AFM images from Figure 5.38 overlain to aid in the visualisation of how they
are connected. Labels (a) - (d) denote which of the images from Figure 5.38 each image

corresponds to.
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(a) (b)

(c)

Figure 5.40: Aged Calcite: Two AFM images of surface type 2
(a) and (b) show two 10 × 10 µm AFM images of surface type 2 of an aged calcite

surface with pixel sizes of approximately 80 × 80 nm (128 × 128 points). (c) Shows the
low-vacuum SEM micrograph of aged calcite surface types 1 and 2 previously shown in

Figure 5.7 on page 226 for comparison.
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5.4.2 Aged Estaillades

Topographical images of aged Estaillades were collected on the AFM and are shown

in Figures 5.41 and 5.43. Figure 5.41 shows two 2 × 2 µm images which appear to

show intersections between oil droplets within the large agglomerate film which was

previously observed in Section 5.3.2.1. For ease of comparison, the high magnifica-

tion low-vacuum SEM micrograph of the aged Estaillades surface previously shown

in Figure 5.23a on page 249 is re-shown in Figure 5.42. Due to the size of the field

of view of these AFM images being on the same order of magnitude as the sizes of

crude oil droplets present on the aged Estaillades surface, the droplet sizes present

in these regions can not be estimated.
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(a) (b)

Figure 5.41: Aged Estaillades: Two AFM images
Two 2 × 2 µm AFM images of an aged Estaillades surface with pixel sizes of

approximately 8 × 8 nm (256 × 256 points).

Figure 5.42: Aged Estaillades: low-vacuum SEM micrograph for comparison
The SEM micrograph previously shown in Figure 5.23a on page 249 for comparison with

the AFM images presented in Figures 5.41 and 5.43.
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Figure 5.43 shows one 5 × 5 µm and two 10 × 10 µm images of the aged

Estaillades surface, which allow for a greater number of the oil droplets to be seen

within each image than the 2 × 2 µm images presented in Figure 5.41. These are

most clear in the 5× 5 µm image in Figure 5.43a, where numerous agglomerates of oil

droplets approximately 1 µm across are visible. The larger 10 × 10 µm AFM images

shown in Figures 5.43b and 5.43c provide the ability to visualise a greater number of

oil droplets simultaneously. However, due to the greater, more frequent variations

in height, and insufficient time being dedicated to the collection of these images,

the scan parameters have not been set up for optimal clarity. As such, there is a

“ringing” noise effect around the more elevated features, due to the height changes

between hops being larger than the selected tapping amplitude, resulting in the

cantilever being unable to respond appropriately to the topographical changes, and

are therefore less clear than the smaller field of view images presented in Figures 5.41

and 5.43a. These greater and more frequent variations in height are reflected in the

scale bars, showing ranges of 0 - 5.16 and 7.95 µm for Figures 5.43b and 5.43c

respectively. The scale bar ranges for the two 2 × 2 µm images in Figure 5.41 and

the 5 × 5 µm image in Figure 5.43a are 0 - 2.89, 3.41 and 1.52 µm respectively

in comparison. Beneath this noise however, the same agglomerate structures can

be seen, with similar oil droplet sizes as were observed in the low-vacuum SEM

micrographs and the 5 × 5 µm image in Figure 5.43a.
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(a)

(b) (c)

Figure 5.43: Aged Estaillades: Three AFM images
Three AFM image of an aged Estaillades surface, (a) being a 5 × 5 µm image with a
pixel size of approximately 40 × 40 nm (128 × 128 points), and (b) and (c) being

10 × 10 µm images with pixel sizes of approximately 80 × 80 nm (128 × 128 points).
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5.5 Scanning Ion Conductance Microscopy

SICM was used to collect images of the aged calcite and Estaillades surfaces. Al-

though the feature sizes present in these images align with those observed in the

low-vacuum SEM and AFM images, there is unfortunately a “blurred” quality to

them. This blurring effect is proposed to be the result of partial removal of the

crude oil film by the electrolyte during mapping. It was also observed during these

experiments that the nanopipette became blocked, deemed to be blocked when 0 nA

current was recorded, more frequently than in the SICM experiments where unal-

tered samples were imaged. It is proposed that this is, in part at least, due to

crude oil particles blocking the nanopipette opening. Limitations aside, the features

which were mapped do still align with the feature sizes and shapes observed in the

low-vacuum SEM and AFM work presented previously in this chapter, and so are

still deemed to be in part successful.
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5.5.1 Aged Calcite

Four SICM images of the aged calcite surface are presented below across Figures 5.44

and 5.45. All four areas imaged show the characteristic oil droplets/agglomerates

seen previously in the low-vacuum SEM and AFM images of the aged calcite surface,

and are proposed to belong to two of the four defined surface types.

The 2 × 2 µm SICM image in Figure 5.44a shows a large crude oil droplet,

exceeding 1 µm across, which can not be measured properly due to it not being

fully captured within the small field of view. The larger size and rounded shape

would indicate that this image is most likely to be from a region of aged calcite

surface type 1. However, due to the narrow field of view of this image, the surface

type can not be assigned with any certainty, as insufficient information about the

surrounding area is presented.

The 10 × 10 µm SICM image in Figure 5.44b appears to be of a reasonably

rough region, with sizeable differences between the lowest and highest points; the

scale bar range being 0 - 5.50 µm. The entirety of the area which is in view appears

to be completely covered with crude oil droplets approximately 1 µm across forming

one large agglomerate, with no flat areas visible. The lack of flat surface would

suggest that the region belongs to calcite surface type 2. The droplets which are

in view are not as rounded as were observed in the low-vacuum SEM micrographs

of aged calcite surface type 2, and instead more closely resemble those present on

aged calcite surface type 4. A low-vacuum SEM micrograph of aged calcite surface

type 2 was shown on page 266 (Figure 5.40c), and a low-vacuum SEM micrograph

of aged calcite surface type 4, originally shown in Figure 5.9b, page 228, is re-shown
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(a) (b)

(c)

Figure 5.44: Aged Calcite: SICM images of surface types 1 and 2
Two SICM images of aged calcite and one low-vacuum SEM image for comparison.
(a) Shows a 2 × 2 µm SICM topographical image with a pixel size of 25 × 25 nm of

what appears to be surface type 1, (b) shows a 10 × 10 µm SICM topographical image
with a pixel size of 100 × 100 nm of surface type 2, and (c) shows the low-vacuum SEM
micrograph previously shown in Figure 5.9b on page 228 of aged calcite surface type 4.
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for comparison in Figure 5.44c. Despite this combination of characteristic features

from surface types 2 and 4, this region is assigned as being part of surface type 2 for

two reasons; this SICM image is of aged calcite 1, upon which no examples of surface

type 4 were observed in the low-vacuum SEM, and the low-vacuum SEM images of

aged calcite 2, where surface type 4 was located, did not present any examples of

large agglomerations of these raised structures.

Figure 5.45 shows two SICM images in Figures 5.45a and 5.45c which both have

a number of bright pixels; pixels where, presumably in error, a much higher height

was recorded than for the rest of the surface. To best see what are deemed to be

the real surfaces, an equalization function has been applied to both Figures 5.45a

and 5.45c, the results from which are shown in Figures 5.45b and 5.45d respec-

tively. Equalization functions shorten the scale bar to encompass the range with

the greatest number of points, ignoring the outliers. In the case of the SICM im-

age in Figure 5.45c for example, a histogram of pixel height vs count is shown in

Figure 5.46. The new scale bar range used in the equalized image in Figure 5.45d

is highlighted by the green shaded area in Figure 5.46, representing 96.5 % of the

pixels. The two outlying pixels, at 2.84 and 3.16 µm, are also highlighted on the

histogram.
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(a) (b)

(c) (d)

Figure 5.45: Aged Calcite: Two SICM images of surface type 1
(a) and (b) show a 2 × 2 µm SICM topographical image with a pixel size of 25 × 25 nm

of the Aged Calcite 1 sample, and show the same image (a) before and (b) after an
equalizing function was applied respectively. (c) and (d) show a 5 × 5 µm SICM

topographical image with a pixel size of 50 × 50 nm of the Aged Calcite 1 sample, and
show the same image (c) before and (d) after an equalizing function was applied

respectively.
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Figures 5.45b and 5.45d show flatter regions than those shown in Figure 5.44,

with scale bar ranges of 329 and 603 nm respectively. Raised droplets appear to be

present in these regions, with flatter areas between droplets. These flatter surfaces

in Figure 5.45 are therefore proposed to be images of aged calcite surface type 1.

Figure 5.46: Aged Calcite: Histogram of pixel heights for SICM image in Figure 5.45c
A histogram of the pixel heights vs count for the SICM image in Figure 5.45c. The

shaded green area, which represents 96.5 % of the pixels, highlights the range which is
selected in the equalized SICM image in Figure 5.45d. Only 2 pixels have values

exceeding 1.18 µm, which are highlighted with orange arrows at 2.84 and 3.16 µm.
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5.5.2 Aged Estaillades

Only the second aged Estaillades sample which was imaged under low-vacuum SEM

was investigated with SICM, as laboratories closed for the COVID-19 lockdown in

March 2020 prior to the first sample being fully characterised. When laboratories

re-opened, the first sample was deemed too old to use for comparative work with

AFM and SICM imaging, and so a second Estaillades sample was aged for full

characterisation to be performed. Two topographical images of the second aged

Estaillades surface were obtained using SICM, shown below in Figures 5.47 and 5.48.

The features in these images are not as clearly defined as the unaltered Estaillades

surfaces imaged in Chapter 3: Carbonates, which is proposed to be the result of

partial removal of the crude oil film by the electrolyte close to the sample surface.

Unlike the aged calcite surface, for which four surface types were defined, the

aged Estaillades sample did not appear to have any significant variation which could

be differentiated into “types”. The crude oil coverage on the Estaillades surface when

imaged by low-vacuum SEM in Section 5.3.2.1 was instead reasonably uniform, with

crude oil droplets on the order of 1 µm across visible across the surface in a con-

tinuous agglomerate film. The raised features visible on the regions shown in the

SICM images in Figures 5.47 and 5.48 are also around 1 µm across, although due

to the blurring effect it is difficult to accurately measure the features or determine

their shape. The approximate feature sizes being on the order of 1 µm would how-

ever suggest that although difficulties were encountered during the imaging of these

surfaces, these are indeed showing the “real” surface.
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Figure 5.47: Aged Estaillades: 5 × 5 µm SICM image
A 5 × 5 µm SICM topographical image with a pixel size of 50 × 50 nm of the second

aged Estaillades sample.

Figure 5.48: Aged Estaillades: 10 × 10 µm SICM image
A 10 × 10 µm SICM topographical image with a pixel size of 100 × 100 nm of the

second aged Estaillades sample.
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5.6 Summary and conclusions

In this Chapter it has been shown that SICM can be used to map aged carbonate

rocks, which had not been previously shown in the literature. The low-vacuum

SEM work has also provided an addition to what had already been published in the

literature on these materials, imaging un-polished samples at high magnification

and showcasing the multiple topographical surface types which can be present as a

result of ageing. As was the case in the two previous chapters, the low-vacuum SEM

micrograph overlays were once again used to catalogue different surface type regions,

providing a context with which to understand the smaller field of view topographical

images captured using AFM and SICM.

Analysis of the aged samples with EDX showed that the calcite and Estaillades

surfaces had been fully covered by the crude oil film, the lack of Ca and/or Si peaks,

which had been present in the spectra of the unaltered samples, demonstrating that

the crude oil film was at least 2 µm thick. The low-vacuum SEM micrographs them-

selves showed evidence of strong adhesion between the crude oil and the Estaillades

in particular, as the topology beneath was reflected in the film, and not obscured

by it.

Further analysis with low-vacuum SEM after SICM measurements were per-

formed revealed alterations to the crude oil film. This is not wholly unexpected,

as brines and salt solutions similar to those used in the SICM are commonly used

in EOR techniques to aid in the removal of oil from reservoir rocks. The relative

stability of the crude oil film under the three different imaging techniques is also

potentially indicative of the strength of the adhesion of the crude oil film to the
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calcite and Estaillades surfaces. From visual inspection, exposure to low vacuum

during SEM imaging did not appear to damage the sample; nor did the interaction

with the AFM tip, although any effect would not have necessarily been observed

with the naked eye given the fields of view imaged on the surfaces. The low-vacuum

SEM micrographs post-SICM imaging however clearly demonstrated the surface al-

teration which had occurred during SICM imaging on the aged calcite surface, which

was not observed on the aged Estaillades surface, indicating a stronger interaction

of the crude oil film with the Estaillades surface than on the pure calcite crystal.

During the SICM scans themselves, the images collected of the aged calcite and

Estaillades samples had a “blurred” quality to them, which was not the case for the

SICM images of the unaltered samples presented in Chapter 3: Carbonates. Despite

the challenges, the SICM demonstrated an, albeit limited, ability to map crude oil

films on carbonate outcrop rocks. The demonstration of SICM’s ability to generate

topographical maps of these materials also opens up avenues for possible future work

into generating surface charge maps on these aged materials.

Overall in this chapter, SICM’s promise for use in the analysis of aged carbon-

ate samples has been demonstrated, but some methodological changes may improve

image quality in future work. The low-vacuum SEM micrographs and AFM topo-

graphical maps helped to verify the feature sizes measured on the SICM maps, and

provided the context within which to place these smaller field of view images.
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Chapter 6

Bandera Brown

6.1 Overview

As touched upon in Chapter 1: Introduction, Bandera Brown is a commonly used

sandstone outcrop rock in oil recovery research, with a complex mineralogical com-

position.89,98 One of the interests for digital rock modelling and reservoir behaviour

prediction in sandstones such as Bandera Brown lies in the Fe-bearing minerals,

some of which are thought to be redox active, existing in either the Fe 2+ or Fe 3+

oxidation state depending on the environment. Reports in the literature have given

evidence of wettability alteration in core flood experiments with the addition of a

reducing agent, which is thought to reduce this iron from the Fe 3+ to Fe 2+ oxida-

tion state.88,89 Bandera Brown is also rich in clays, which as discussed in Chapter 4:

Surface Charge Mapping can exhibit wettability changes with variations in brine

pH, composition and concentration which are all thought to be the result of sur-

face charge alterations or DDL shielding.120,121,127,128 Thorough characterisation of
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Bandera Brown is therefore of interest, in particular for laying the groundwork for

surface charge mapping of its surfaces using SICM.

This chapter also examines images of Bandera Brown samples which underwent

the artificial ageing procedure which some of the carbonate outcrop rocks in Chap-

ter 5: Carbonate Ageing Studies were subjected to. As was the case for the carbonate

outcrop rocks, Bandera Brown samples which have been exposed to crude oil at high

temperatures and pressures are referred to as “aged”, and Bandera Brown samples

which have not been exposed to crude oil are referred to as “unaltered”.

Similarly to previous chapters, low-vacuum SEM was used to catalogue the dif-

ferent areas present on the Bandera Brown surface prior to SICM imaging, to allow

for the smaller topographical images to be placed into a wider context. Due to the

chemical heterogeneity of Bandera Brown, EDX was also employed as a tool along-

side the SEM micrographs to help identify the minerals present on the surface. AFM

was not employed in these studies, as it was established in Chapter 3: Carbonates

that SICM is a suitable tool for mapping similar rock surfaces. Additionally, the

Bandera Brown surfaces were found to present greater sudden height changes during

mapping the SICM, and so were deemed to be even less suited to AFM mapping

than the carbonate materials.
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6.2 Unaltered Bandera Brown Studies

6.2.1 Low Vacuum Scanning Electron Microscopy

Although low-vacuum SEM microscopy is used to catalogue the variety of regions

present across the Bandera Brown surface, as was performed for the carbonate ma-

terials, the way in which this is performed is changed for Bandera Brown. Due to

the chemical heterogeneity of Bandera Brown, for example Yesufu-Rufai et al. iden-

tifying 15 different minerals,89 the surfaces imaged here do not lend themselves to

the “surface type” categorisation method previously employed for the carbonate sur-

faces, which were predominantly one mineral, calcite. Instead, attempts were made

to identify the compounds present on these surfaces via SEM and EDX imaging,

and will therefore be referred to by their proposed mineral assignments. Mineral

assignments on these surfaces were performed with significant guidance from Dr.

Fons Marcelisa, whose geological expertise was invaluable in this work.

6.2.1.1 Secondary Electron Imaging

Bandera Brown was imaged using low-vacuum SEM; three regions, labelled 1 - 3,

are shown at low magnification across Figures 6.1, 6.10 and 6.14 respectively, each

highlighting a number of regions of interest. The first overlay of low-vacuum SEM

micrographs, shown in Figure 6.1, has five areas of interest labelled. These areas

are shown at higher magnification in Figures 6.2, 6.4, 6.6 - 6.9 below.

aResearch Geologist at Shell Global Solutions International B.V., Amsterdam, the Netherlands
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Figure 6.1: Bandera Brown 1: SEM Overlay
An overlay of four low-vacuum SEM micrographs of the Bandera Brown surface. The
areas shown at higher magnification in Figures 6.2, 6.4, 6.6 - 6.9 are labelled 1-5 on the
figure respectively. The individual micrographs which make up this overlay can be found

in Appendix C, Figures C.1 - C.4.

284



The area labelled “1” on Figure 6.1 and shown at higher magnification in Fig-

ure 6.2 shows a structure which appears to be crystalline from the smooth sides and

sharp edges. From the list of minerals reportedly present on the Bandera Brown

surface given by Yesufu-Rufai et al., quartz and calcite could both produce struc-

tures which could fit this description.89 Due to the relative abundances reported for

each, 58.89 % for quartz and 7.00 % for calcite,89 this structure is more likely to

be a quartz crystal than a calcite crystal. Quartz is a trigonal crystalline form of

silica which has two enantiomeric forms, α- and β-quartz, the α- form being the

more commonly occurring form in nature.156–159 The structure of α-quartz is shown

in Figure 6.3 below, where it can be seen that each unit cell has three Si atoms and

six O atoms, the chemical formula for quartz being SiO2.
160–162

Figure 6.2: Bandera Brown 1: high magnification SEM micrograph of area 1
A high magnification low-vacuum SEM micrograph of the area labelled “1” in Figure 6.1.
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Figure 6.3: Crystal structure of α-Quartz
The unit cell for α-quartz, redrawn from reference 160 in the crystallographic database

described by Mehl et al. and Hicks et al..160–162

Area “2” on Figure 6.1 is shown at higher magnification in Figure 6.4. This

surface can not be classified with certainty, as the appearance is similar to both

vermiculite clay and mica. This similarity is unsurprising, as vermiculite materials

are typically formed from mica, both being classed as phyllosilicates with chemical

structures that follow a pattern of tetrahedral-octahedral-tetrahedral alumina and

silica stacks.124 A diagram of a generic structure for mica and vermiculite is shown

in Figure 6.5. Mica has an ideal formula of KAl2(AlSi3)O10(OH)2, whilst vermiculite

can be expressed as M+
0.75Al2(Si3.25Al0.75)O10(OH)2, where M

+ is an interchangeable

interlayer cation.124 These formulae are ideal formulae; mica is an umbrella term for

a number of minerals, and can have Mg2+, Fe2+ or Fe3+ instead of Al3+ in the octa-

hedral sites, and Ca2+ or Na+ instead of K+ as interlayer cations. Vermiculites can

have K+, Mg2+ or Ca2+ in their interlayer.124 In mica, the tetrahedral sites in Fig-

ure 6.5 are occupied by Si4+ and Al3+ in a 3:1 ratio. In vermiculite, the tetrahedral

sites are occupied by Si4+ and Al3+ in a 3.25:0.75 ratio. This altered ratio towards

a greater number of Si4+ ions in the tetrahedral sites of vermiculite has the conse-

quence of fewer interlayer cations being required between the tetrahedral-octahedral-
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tetrahedral sheets to balance the negative charge when compared to mica.124 SEM

micrographs of pure mica and vermiculite clay samples can be found in reports from

Au et al. and Nguyen et al. respectively for comparison.163,164

Figure 6.4: Bandera Brown 1: high magnification SEM micrograph of area 2
A high magnification low-vacuum SEM micrograph of the area labelled “2” in Figure 6.1.

Figure 6.5: Chemical structure of mica and vermiculite
A generic chemical structure for mica and vermiculite. In mica the Si4+:Al3+ ratio in the
tetrahedral sites in 3:1, whereas for vermiculite it is 3.25:0.75. Fewer interlayer cations

are therefore required in vermiculite than mica to balance the negative charge in the clay
sheets. Structure redrawn from 165.
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The third area labelled in Figure 6.1 is shown at higher magnification in Fig-

ure 6.6. This features a large smooth-sided structure which is similar to the step-like

structures found on some calcite crystallites on Estaillades and Indiana. SEM mi-

crographs of Estaillades surface type 3b (Figure 6.7a) and Indiana surface type 2

(Figure 6.7b) are shown in Figure 6.7 for comparison. Due to the striking similar-

ity, and given that calcite has been reported in the literature as being present in

Bandera Brown, it is proposed that Figure 6.6 shows a large calcite crystal.89

Area “4” from Figure 6.1 is shown at higher magnification in Figure 6.8. The

area appears to be predominantly covered by either mica or vermiculite, similar

in appearance to area “2”, with what appears to be a small amount of smectite

clay in the centre. Smectite clay has a structure similar to that of mica or ver-

miculite shown in Figure 6.5, being made up of silica and alumina sheets stacked

in a tetrahedral-octahedral-tetrahedral arrangement. A generic smectite formula is

M+
0.33Al2(Si3.67Al0.33)O10(OH)2 where M+ is a cation such as Mg2+ or Ca2+.124 The

key difference in chemical structure between smectite and mica/vermiculite lies in

the Si4+:Al3+ ratio of 3.67:0.33 in the tetrahedral layers, which sits even further

towards Si4+ than vermiculite, which is 3.25:0.75. This ultimately means that the

number of interlayer cations (M+ ions) required to balance the negative charge in

the tetrahedral-octahedral-tetrahedral alumina and silica stacks is even lower for

smectite than for vermiculite; 0.33 M+ ions versus 0.75 M+ ions per 2 octahedral

Al3+ respectively.124 Some clear SEM micrographs of smectite clay structures were

published in 2007 by Fesharaki et al., for comparison.166
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Figure 6.6: Bandera Brown 1: high magnification SEM micrograph of area 3
A high magnification low-vacuum SEM micrograph of the area labelled “3” in Figure 6.1.

(a) (b)

Figure 6.7: Calcite crystallites: examples from Estaillades and Indiana
Micrographs of (a) Estaillades area type 3b and (b) Indiana area type 2 originally shown
in Chapter 3: Carbonates, Figures 3.20b and 3.25a on pages 110 and 116 respectively.

The structures shown here are similar to the structure shown above in Figure 6.6, which
is deemed to also be a calcite crystal.
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Figure 6.8: Bandera Brown 1: high magnification SEM micrograph of area 4
A high magnification low-vacuum SEM micrograph of the area labelled “4” in Figure 6.1.

Figure 6.9: Bandera Brown 1: high magnification SEM micrograph of area 5
A high magnification low-vacuum SEM micrograph of the area labelled “5” in

Figure 6.1. A section of this low-vacuum SEM micrograph was published in reference 99.
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Figure 6.9 shows area “5” from Figure 6.1, at the centre of which a kaolinite

booklet structure can be seen. Kaolinite clay, Al2Si2O5(OH)4, which is a phyl-

losilicate like mica and vermiculite, was discussed in Chapter 4: Surface Charge

Mapping, where Figure 4.1 showed a diagram of the booklet structure. Kaolinite

has an alternating tetrahedral-octahedral crystal structure, unlike mica and vermi-

culite which have tetrahedral-octahedral-tetrahedral structures, and as such do not

require interlayer cations to balance the negative charge. As previously discussed

in Chapter 1: Introduction, these booklets are of interest for the proposed surface

charge mapping studies using SICM due to their pH-dependent surface charge dis-

tributions.118,122,123,125

A low magnification low-vacuum SEM micrograph of the second Bandera Brown

region is presented in Figure 6.10, in which two areas of interest are labelled. These

two areas are shown at higher magnification in Figures 6.11 and 6.12. Figure 6.11

shows an area which appears to be covered in smectite clay, which as discussed for

Figure 6.8, has an tetrahedral-octahedral-tetrahedral structure of silica (tetrahedral)

and alumina (octahedral) sheets.124
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Figure 6.10: Bandera Brown 2: low magnification SEM micrograph
A low magnification low-vacuum SEM micrograph of the Bandera Brown surface. Two
areas of interest shown at higher magnification in Figures 6.11 and 6.12 are labelled 1

and 2 on this figure respectively.

Area “2” from Figure 6.10 is shown at higher magnification in Figure 6.12 and fea-

tures an area covered in what appear to be star-shaped hematite crystals. Hematite

has the chemical formula Fe2O3, and consists of octahedral Fe atoms sharing each

of their six O atoms with one other Fe atom inside of a hexagonal unit cell. Fig-

ure 6.13 shows the structure of hematite, with two octahedral arrangements of O

atoms around Fe atoms shown with dotted lines for clarity.167,168
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Figure 6.11: Bandera Brown 2: high magnification SEM micrograph of area 1
A high magnification low-vacuum SEM micrograph of the area labelled “1” in

Figure 6.10.

Figure 6.12: Bandera Brown 2: high magnification SEM micrograph of area 2
A high magnification low-vacuum SEM micrograph of the area labelled “2” in

Figure 6.10.
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Figure 6.13: Crystal structure of hematite
The hexagonal unit cell of hematite, with two Fe atoms highlighted along with their
associated oxygen atoms to show the octahedral arrangement. Redrawn from 168.
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6.2.1.2 Energy-Dispersive X-Ray Spectroscopy

EDX was performed on six areas on the Bandera Brown region shown in Figure 6.14,

labelled 1 - 6, and shown at higher magnification in Figures 6.15, 6.18, 6.21, 6.24,

6.29 and 6.33 respectively, adjacent to their associated EDX results.

Figure 6.14: Bandera Brown 3: SEM Overlay with EDX locations
An overlay of two low-vacuum SEM micrographs of the Bandera Brown surface. The
areas shown at higher magnification in Figures 6.15, 6.18, 6.21, 6.24, 6.29 and 6.33 are
labelled 1 - 6 in this figure respectively. The individual micrographs which make up this

overlay can be found in Appendix C, Figures C.5 and C.6

A high magnification low-vacuum SEM micrograph of area 1 from Figure 6.14

is presented in Figure 6.15, and shows a surface which, from the topography, is

proposed to be vermiculite or mica. EDX results are presented for this area in

Figures 6.16 and 6.17, where it can be seen that Al, C, Fe, K, Mg, Na, O and Si

are present on the surface. These elements being present agree with the proposed
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assignment of vermiculite or mica, which are composed of tetrahedral sheets of either

Al or Si and O, octahedral sheets of Fe, Mg or Al and O, and interlayer cations of

either Mg, Na or K. The C being present could well be contamination from sample

preparation prior to imaging, as this is difficult to avoid.

Figure 6.15: Bandera Brown 3: high magnification SEM micrograph of area 1
A high magnification low-vacuum SEM micrograph of the area labelled “1” in

Figure 6.14.

Looking more closely at the distributions of these elements across Figures 6.16

and 6.17, some areas of higher or lower concentration point to the possibility of min-

erals other than mica/vermiculites being present on the surface. The most striking

of these is that towards the top of the Si map (Figure 6.16d), a triangular area of

higher Si concentration can be seen in the same region as a lower Al concentration

area on the Al map (Figure 6.16b), which would not be consistent with this being

an entirely clay surface. It is instead proposed that this triangular area is a small

section of quartz (SiO2), as there is also a subtly higher concentration of O in this

region (Figure 6.16f) than the rest of the map.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.16: Bandera Brown 3: EDX results for area 1, part 1
EDX results for area 1 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (f) show the Al, Fe, Si,

Mg and O distribution maps for the area respectively.
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(a) (b)

(c) (d)

(e)

Figure 6.17: Bandera Brown 3: EDX results for area 1, part 2
EDX results for area 1 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area, (b) - (d) show the C, K and Na
distribution maps for the area respectively, and (e) shows the X-ray energy spectrum for

the image, with element assignments labelled.
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The second area labelled in Figure 6.14 is shown at higher magnification in

Figure 6.18, with the associated EDX results shown in Figures 6.19 and 6.20. On

initial inspection of the SEM micrograph in Figure 6.18, the surface appears to be

a mica/vermiculite surface with small, star-shaped hematite structures distributed

on top. This assignment is consistent with the EDX results, which show that Al,

C, Fe, K, Mg, Na, O and Si are present, as was the case for the mica/vermiculite

surface in Figure 6.15. Looking at the X-ray spectrum in Figure 6.20e, the Fe peak

is slightly higher compared to the Al and Si peaks than the Fe peak was for area 1

(Figure 6.17e), approximate ratios being 0.29:1 Fe:Al for area 1 and 0.65:1 Fe:Al for

area 2. This greater Fe content would be consistent with the assignment of hematite

(Fe2O3) structures being present on top of the clays in area 2 but not in area 1.

Figure 6.18: Bandera Brown 3: high magnification SEM micrograph of area 2
A high magnification low-vacuum SEM micrograph of the area labelled “2” in

Figure 6.14.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.19: Bandera Brown 3: EDX results for area 2, part 1
EDX results for area 2 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (f) show the Al, Fe, Si,

Mg and O distribution maps for the area respectively.

300



(a) (b)

(c) (d)

(e)

Figure 6.20: Bandera Brown 3: EDX results for area 2, part 2
EDX results for area 2 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area, (b) - (d) show the C, K and Na
distribution maps for the area respectively, and (e) shows the X-ray energy spectrum for

the image, with element assignments labelled.
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The element distribution maps for area 2 show a predominantly even spread for

most elements. In the Si distribution map in Figure 6.19d, there are however a few

high concentration areas, the largest of these is an oval area in the top left hand

corner. The Al map in Figure 6.19b shows a low Al concentration region of the same

shape where this high Si concentration region is present in Figure 6.19d. This would

suggest, as was the case for the high Si concentration region in area 1, that although

this surface is predominantly a mica/vermiculite surface with hematite crystals, this

region is a small quartz crystal embedded in the clay.

Figure 6.21 shows a low-vacuum SEM micrograph of area “3” from Figure 6.14

at higher magnification, with associated EDX results given in Figures 6.22 and 6.23.

Similarly to area 2, this area appears to have a covering of what are proposed to

be star-shaped hematite crystals across the surface, however unlike area 2, these

crystals are so densely packed that they obscure the nature of the surface beneath.

Figure 6.21: Bandera Brown 3: high magnification SEM micrograph of area 3
A high magnification low-vacuum SEM micrograph of the area labelled “3” in

Figure 6.14.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.22: Bandera Brown 3: EDX results for area 3, part 1
EDX results for area 3 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (f) show the Al, Fe, Si,

Mg and O distribution maps for the area respectively.

303



(a) (b)

(c) (d)

(e)

Figure 6.23: Bandera Brown 3: EDX results for area 3, part 2
EDX results for area 3 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area, (b) - (d) show the C, K and Na
distribution maps for the area respectively, and (e) shows the X-ray energy spectrum for

the image, with element assignments labelled.
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The EDX results for the area “3” are given across Figures 6.22 and 6.23, and

similarly to areas 1 and 2, show that the elements Al, C, Fe, K, Mg, Na, O and Si

are present, indicating that clays are present. The increased coverage with hematite

(Fe2O3) which is observable in the low-vacuum SEM micrograph compared to area

2 is reflected in the X-ray spectrum in Figure 6.23e, where it can be seen that the

Fe:Al ratio is approximately 0.93:1, compared to the 0.65:1 Fe:Al approximated for

area 2. The assignment of these star-shaped structures being hematite is reflected

in the element distribution maps for Fe and O (Figures 6.22c and 6.22f), where the

regions of highest Fe and O concentration are very similar, and when compared to

the SEM micrograph in Figure 6.22a appear to be in highest concentration over the

regions most densely covered by the star-shaped hematite crystals. The element

distribution maps in Figures 6.22 and 6.23 show relatively even distributions of the

elements other than Fe and O, which could suggest chemical heterogeneity beneath

the hematite crystals.

Figure 6.24 shows a high magnification low-vacuum SEM micrograph of area

“4”, as labelled on Figure 6.14. Once again, small star-shaped crystals of what

are proposed to be hematite can be seen across the surface. As was observed in

area 3, the Fe distribution map for area 4 in Figure 6.25c shows regions of higher Fe

concentration across the same regions where the star-shaped structures are observed

in the SEM for area 4 in 6.25a. The EDX results in Figures 6.25 - 6.27 show that

Al, C, Fe, K, Mg, Na, O and Si are all present, similarly to areas 1 - 3, with the

addition of a small amount of P. No P-containing compounds were listed by Gamal

et al. as being present in Bandera Brown, however Yesufu-Rufai et al. list one,
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apatite (Ca5(PO4)3F), and give the low area coverage of 0.08 %.89,98 Due to this

low percentage coverage it is unsurprising that P was not detected on the previous

three areas, and that it is present in area 4 at a relatively low concentration, the

P:Al ratio being approximately 0.125:1. Given the low concentration of P present

on this surface, it is perhaps unsurprising that Ca and F are not detected, however

the absence of Ca and F makes conclusive remarks on the exact nature of the P-

containing compound present here difficult. Another explanation could be that this

peak has been incorrectly assigned as the P Kα peak at 2.01 keV, however the only

other two characteristic X-rays around 2 keV are the Zr Lα and Pt Mα peaks at

2.04 and 2.05 keV respectively, and neither element is reported in the literature as

being present in Bandera Brown, so it is unlikely to not be P.89,98,169

Figure 6.24: Bandera Brown 3: high magnification SEM micrograph of area 4
A high magnification low-vacuum SEM micrograph of the area labelled “4” in

Figure 6.14.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.25: Bandera Brown 3: EDX results for area 4, part 1
EDX results for area 4 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (f) show the Al, Fe, Si,

Mg and O distribution maps for the area respectively.
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(a) (b)

(c) (d)

(e)

Figure 6.26: Bandera Brown 3: EDX results for area 4, part 2
EDX results for area 4 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (e) show the C, K, Na

and P distribution maps for the area respectively.
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Figure 6.27: Bandera Brown 3: EDX results for area 4, part 3
The X-ray energy spectrum for the EDX results shown in Figures 6.25 and 6.26, with

element assignments labelled.

Towards the right hand side of the Na map for area 4 in Figure 6.26d, an ap-

proximately 1 µm diameter section exhibits a higher Na concentration than the rest

of area 4. Looking at Figure 6.25d, Si is also present at a higher concentration in

this region than other parts of area 4. This might suggest a Na+-containing mica,

however the Al distribution map in Figure 6.25b shows a perhaps lower than average

concentration in this region, which is not consistent with the overall 1:1 ratio of Si:Al

in mica. This region of high concentration Na is therefore proposed to be caused by

the presence of albite, a Na-containing plagioclase and alkali feldspar with a chemi-

cal formula of NaAlSi3O8.
170 Plagioclases make up 16.41 % and alkali feldspars make

up 1.85 % of the Bandera Brown surface according to Yesufu-Rufai et al., so the

presence of albite is not unlikely.89 Albite is constructed of 4-member rings, each

containing on average 3 Si and 1 Al atom, joined together by O atoms. Although

quite different to the mica or kaolinite structures previously discussed, cations such
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as Na+ are still required to balance out the negative charge on the rings, as shown

in Figure 6.28 below.170–172

Figure 6.28: Chemical structure of albite
The structure of albite, redrawn from references 170, 171 and 172. The atoms marked

“Si or Al atom” are either Si or Al in a 3:1 ratio. Grey bonds on the edges of the
structure show where the structure continues in an extended chain.

A high magnification low-vacuum SEM micrograph of area “5” from Figure 6.14

is shown in Figure 6.29, the associated EDX results for this area shown in Fig-

ures 6.30 - 6.32. The right-hand side of area 5 overlaps with the left-hand side

of area 4, so it is unsurprising that the same nine elements are seen in the EDX

spectrum in Figure 6.32. At the center of the SEM micrograph in Figure 6.30a,

a 2 - 3 µm across smooth-sided crystallite can be seen, which from looking at the

element distribution maps in Figure 6.30 can be seen to be rich in Si, Al and O.

This is proposed to be K-feldspar, a type of alkali feldspar with the chemical formula

KAlSi3O8.
89,171,173 K-feldspar has the same generic structure as albite, as it is also

an alkali feldspar, which can be seen in Figure 6.28; the only alteration being that

the Na+ cations in the structure are replaced with K+ cations.
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Figure 6.29: Bandera Brown 3: high magnification SEM micrograph of area 5
A high magnification low-vacuum SEM micrograph of the area labelled “5” in

Figure 6.14.

Around the outside of the smooth-sided structure in Figure 6.30a, more of the

star-shaped hematite (Fe2O3) structures can be seen, which is reflected in the higher

concentration of Fe in these regions in Figure 6.30c. Towards the top of the P

distribution map in Figure 6.31e, there are higher concentration areas which are

attributed to the presence apatite, Ca5(PO4)3F, as they were in area 4. In the

top left hand corner of the Mg distribution map in Figure 6.30e there is a higher

concentration of Mg than in the rest of area 5, however this does not align with

higher concentrations in any element distribution map other than O (Figure 6.30f).

Given the number of different Mg-containing compounds that have been reported

as being present on the Bandera Brown surface,89,98 combined with the small visible

section in the SEM and the lack of significant signal in any of the other element maps,

it is not possible to give a mineral assignment for this area with any certainty.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.30: Bandera Brown 3: EDX results for area 5, part 1
EDX results for area 5 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (f) show the Al, Fe, Si,

Mg and O distribution maps for the area respectively.
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(a) (b)

(c) (d)

(e)

Figure 6.31: Bandera Brown 3: EDX results for area 5, part 2
EDX results for area 3 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (e) show the C, K, Na

and P distribution maps for the area respectively.
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Figure 6.32: Bandera Brown 3: EDX results for area 5, part 3
The X-ray energy spectrum for the EDX results shown in Figures 6.30 and 6.31, with

element assignments labelled.

Area “6” as labelled in Figure 6.14 is shown at higher magnification in Fig-

ure 6.33. The structures in the centre of this low-vacuum SEM micrograph appear

to be a mica or vermiculite clay. The elements present in the EDX spectrum (Fig-

ure 6.35e) for this area are Al, C, Fe, K, Mg, Na, O and Si. The element distribution

maps across Figures 6.34 and 6.35 do not show any significant patches of higher or

lower concentration of any of these elements, which would suggest that this area

is homogeneous in terms of its mineralogy. The assignment of this mineral surface

being mica or vermiculite can explain the presence of all of the elements shown in

the EDX results; the octahedral sites in mica or vermiculite can be occupied by Al,

Fe or Mg, the tetrahedral sites can be occupied by Si or Al, O is present throughout

both tetrahedral and octahedral layers, and the interlayer cations can be K+, Na+

or Mg2+.124 The C, given its low concentration, is likely to be contamination which

occurred during sample preparation.
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Figure 6.33: Bandera Brown 3: high magnification SEM micrograph of area 6
A high magnification low-vacuum SEM micrograph of the area labelled “6” in

Figure 6.14.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.34: Bandera Brown 3: EDX results for area 6, part 1
EDX results for area 6 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area and (b) - (f) show the Al, Fe, Si,

Mg and O distribution maps for the area respectively.
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(a) (b)

(c) (d)

(e)

Figure 6.35: Bandera Brown 3: EDX results for area 6, part 2
EDX results for area 6 of the Bandera Brown surface shown and labelled in Figure 6.14.
(a) Shows the low-vacuum SEM micrograph of the area, (b) - (d) show the C, K and Na
distribution maps for the area respectively, and (e) shows the X-ray energy spectrum for

the image, with element assignments labelled.
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6.2.2 Scanning Ion Conductance Microscopy

SICM topographical imaging was carried out on Bandera Brown to determine whether

a range of the minerals present could be mapped, in the same way that multiple

surface types were sought from the Ketton, Estaillades and Indiana SICM maps in

Chapter 3: Carbonates.

Figure 6.36 shows a 5 × 5 µm SICM topographical map of what appears to be a

“side-on” view of vermiculite or mica sheets. Figure 6.37 shows a low-vacuum SEM

micrograph of what also appears to depict vermiculite or mica in this orientation for

comparison, where sheets of clay can be seen vertically protruding from the surface.

Figure 6.38 shows two height profiles across the thin sheets present in the SICM

image Figure 6.36. These profiles reveal that each vertical sheet in the structure

is around 100 - 200 nm ± 25 nm in width and sit approximately 500 nm apart,

which aligns with the thin structures observed on the SEM micrograph of what is

proposed to be a vermiculite/mica structure in Figure 6.37. The gaps between the

sheets in the SICM image in Figure 6.36, shown in the profiles in Figure 6.38c,

and shown as a 3D representation for ease of visualisation in Figure 6.38b, were

mostly recorded around 200 - 400 nm, which is not as deep as was anticipated from

the low-vacuum SEM micrograph in Figure 6.37; this is possibly due to the narrow

channels restricting ion transport, and as such the approach current threshold being

met prematurely during SICM imaging when the nanopipette was inserted between

the clay sheets.
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Figure 6.36: Bandera Brown: 5 × 5 µm SICM image of vermiculite/mica
A 5 × 5 µm SICM topographical image with a pixel size of 50 × 50 nm of what is

proposed to be vermiculite or mica on the Bandera Brown surface. A low-vacuum SEM
micrograph which was also assigned as vermiculite or mica is shown in Figure 6.37.

Figure 6.37: Bandera Brown: SEM micrograph of vermiculite/mica “side-on”
A high magnification low-vacuum SEM micrograph of what is proposed to be vermiculite

or mica “side-on”, revealing individual sheets, originally shown in Figure 6.33 on
page 315.
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(a) (b)

(c)

Figure 6.38: Bandera Brown: height profiles for the SICM image in Figure 6.36
Height profiles across two sections of the SICM image shown in Figure 6.36 to shown the
thickness of the vertical sheets. (a) shows the SICM image once more, with lines A and
B labelled, and (c) shows a plot of the profiles along lines A and B. The same image is
represented in 3D in (b) to better visualise the narrow channels between the vertical

sheets.
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Figure 6.39: Bandera Brown: SEM micrograph of vermiculite/mica “face-on”
A high magnification low-vacuum SEM micrograph of what are proposed to be
vermiculite/mica sheets “face-on”, originally shown in Figure 6.4 on page 287.

Figure 6.40 shows three SICM topographical images, 5.4 × 5.4 µm, 5.8 × 5.8 µm

and 5 × 5 µm in size, of what are proposed to be regions of the “face-on” view of ver-

miculite/mica sheets, similar to what was originally shown in the low-vacuum SEM

micrograph in Figure 6.4 (page 287), and re-shown in Figure 6.39 for comparison.

This low-vacuum SEM micrograph shows a surface with rough-edged features each

< 1 µm across. Similar features are visible across the three SICM topographical

images in Figure 6.40, both in terms of their size and rough edges. Some “streak-

ing” effects are observable in these images, which are hypothesised as being due to

contaminants in the electrolyte. Particles in the electrolyte which are similar in size

to the nanopipette opening, 20 - 40 nm, or larger, if they come into proximity of

the nanopipette opening, can restrict the ion current flow sufficiently for the de-

tection threshold to be met, causing the nanopipette to prematurely retract. It is

thought that this occurred for many sequential pixels in these images, to create the
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“streaking” effect. It is not known whether this contamination is due to powder

from the sample which was generated during cutting and unsuccessfully removed

during the sonication preparation step,a or whether foreign contaminants entered

the electrolyte from other sources.

Figures 6.41 and 6.42 show three SICM topographical images, 10 × 10 µm,

16.4 × 16.4 µm and 6.7 × 6.7 µm in size, of two different areas proposed to contain

smectite clay. The two SICM topographical images in Figure 6.41 are overlapping

images of the same region, Figure 6.41a showing a higher resolution image of the

area towards the bottom left corner of Figure 6.41b. A low-vacuum SEM micro-

graph depicting what was assigned as smectite clay originally shown in Figure 6.8

(page 290) is re-shown in Figure 6.43 for comparison. Across the SICM images in

Figures 6.41 and 6.42, the protruding sheets of what are thought to be clay are an-

gled away from each other, similarly to the structure at the center of the low-vacuum

SEM micrograph in Figure 6.43. This “fanning” is in contrast to the previous “side-

on” vermiculite/mica sheets in Figure 6.36, where thin, straight-edged sheets are

protruding perpendicular to the surface and parallel to each other, in line with the

vermiculite/mica sheets observed in the low-vacuum SEMmicrograph in Figure 6.37.

As the SICM images are presented at different magnifications to the SEM mi-

crograph, feature dimension comparison is not trivial, and so Figure 6.44 shows the

images presented in Figures 6.42 and 6.43, with feature dimensions labelled of the

regions proposed to be smectite clay. The measurements presented demonstrate that

in both imaging methods, the observed fanned sheets themselves are around 2 µm

in length; the measured sheet lengths in Figures 6.44a and 6.44b being 2.17 and

asee Chapter 2: Methods, Section 2.1.1 for further details
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(a) (b)

(c)

Figure 6.40: Bandera Brown: three SICM images of vermiculite/mica
Three SICM topographical images of Bandera Brown X. (a) shows a 5.4 × 5.4 µm SICM
topographical image with a pixel size of 100 × 100 nm, (b) shows a 5.8 × 5.8 µm SICM
topographical image with a pixel size of 100 × 100 nm and (c) shows a 5 × 5 µm SICM

topographical image with a pixel size of 50 × 50 nm.
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1.96 µm respectively. The edges of these sheets are separated by around 0.5 µm

in both cases; the separations in Figure 6.44a being 0.58, 0.59 and 0.64 µm and

those in Figure 6.44b being 0.42 and 0.46 µm. These similarities in dimension and

orientation would therefore suggest that these features belong to the same mineral,

proposed to be smectite clay, imaged using two different techniques.

(a) (b)

Figure 6.41: Bandera Brown: two SICM images of smectite clay
Two SICM topographical images of the same region, at different resolutions and image
sizes; (a) 10 × 10 µm image with a pixel size of 100 × 100 nm and (b) 16.4 × 16.4 µm
image with a pixel size of 200 × 200 nm, both of which are proposed to be smectite clay.

A final observation to note, which was made during the mapping of Bandera

Brown using SICM, is that it was found that the nanopipette tip crashed more

frequently during initial attempts compared to the carbonate surfaces discussed in

Chapter 3: Carbonates. This challenge was overcome by increasing the minimum

hop height between points to 5 µm for Bandera Brown scans, compared to the

3 µm minimum hop heights typically used for mapping the carbonate samples in
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Figure 6.42: Bandera Brown: 6.7 × 6.7 µm SICM image of smectite clay
A 6.7 × 6.7 µm SICM topographical image with a pixel size of 100 × 100 nm of what is

proposed to be smectite clay.

Figure 6.43: Bandera Brown: high magnification SEM micrograph of smectite
A high magnification low-vacuum SEM micrograph of what is proposed to be an area

containing smectite clay, originally shown in Figure 6.8 (page 290).
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(a)

(b)

Figure 6.44: Bandera Brown: Feature size comparison for smectite clay
(a) The 6.7 × 6.7 µm SICM image originally presented in Figure 6.42, and (b) the

low-vacuum SEM micrograph presented in Figures 6.8 & 6.43, are both re-shown, with
feature dimensions labelled of the regions proposed to be smectite clay. Black and orange
labels denote the sheet lengths and blue and yellow arrows denote the sheet separation in

(a) & (b) respectively.
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Chapter 3: Carbonates. It is proposed that this increased difficulty in generating

topographical maps of these samples using SICM was due to more sudden height

changes in the material, possibly due to the diversity of mineral surfaces present.

This increase in hop height did however come at the cost of longer imaging times;

a typical SICM scan of 100 × 100 points on a carbonate outcrop rock with a 3 µm

minimum hop height took around 2 hours to complete, whereas the same size scan

on Bandera Brown with a 5 µm minimum hop height took closer to 3 hours to

complete, and as such, fewer images could be collected in a day’s session. Despite

the time cost, this was deemed to be of net benefit, as the increase in hop height

substantially increased the frequency of successful imaging attempts on Bandera

Brown.

6.2.3 Summary

Overall, seven minerals were identified on the Bandera Brown surface using low-

vacuum SEM: quartz, mica, vermiculite, calcite, smectite, kaolinite and hematite.

Two further minerals were proposed from the simultaneous EDX measurements:

albite and apatite. Of the seven minerals which were identified from morphology

alone, three of these were also tentatively identified in the SICM images presented

in Section 6.2.2; mica / vermiculite, which are not possible to distinguish between

from morphology alone, and smectite, characterised by its vertical sheets. These

identifications are summarised in Table 6.1 below.
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6.3 Aged Bandera Brown Studies

Bandera Brown was “aged” by the same method as the carbonates in Chapter 5:

Carbonate Ageing Studies ; the clean samples were submerged in crude oil for four

weeks at 70 ◦C, before being removed and dried for at least two days at 70 ◦C and

lastly placed in a vacuum desiccator for at least two days to remove any volatile

components prior to low-vacuum SEM imaging. As the process of imaging using

the SICM appeared to alter the aged calcite sample surface (Chapter 5: Carbon-

ate Ageing Studies, Section 5.3.1.2), the aged Bandera Brown sample was imaged

with low-vacuum SEM both before and after SICM imaging, in order to investigate

whether similar alterations occurred.

Due to the COVID-19 pandemic, the first aged Bandera Brown sample was only

imaged with low-vacuum SEM, as laboratories closed before SICM imaging could

be performed. Once laboratories re-opened this sample was deemed too old to

continue to use for collecting comparable SICM images, and so a new sample was

made. The second aged Bandera Brown sample was imaged with both low-vacuum

SEM and SICM once laboratories re-opened later in 2020. All SICM images shown

in Section 6.3.2 below are therefore of this second aged surface.
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6.3.1 Low Vacuum Scanning Electron Microscopy

6.3.1.1 Secondary Electron Imaging

An overlay of seven low-vacuum SEM micrographs of the first aged sample are shown

in Figure 6.45; the three areas labelled 1 - 3 are shown at higher magnification in

Figures 6.46 - 6.48. The area labelled 4 was selected for EDX analysis, results shown

in Figure 6.53 in Section 6.3.1.2. As was the case for the aged Estaillades surfaces

shown in Chapter 5: Carbonate Ageing Studies, it appears that the crude oil has

fully coated the surface, partly obscuring the complex morphology beneath, with

some of the larger features still visible. The crude oil also appears to have formed a

smooth film across the surface, with raised crude oil droplets forming on top.

Area 1 shown in Figure 6.46 is itself a high-magnification section of the center of

area 2, shown in Figure 6.47. This region appears to contain a large smooth-sided

structure which has been fully covered with crude oil. From the low-vacuum SEM

images of the unaltered Bandera Brown surfaces shown in Section 6.2.1, this could

suggest that the surface in question is a quartz or calcite crystal, although it is of

course not possible to say with any certainty. The crude oil film may be obscuring

finer features, which prevents identification of the mineral beneath.

A low-vacuum SEM micrograph of area “3” from Figure 6.45 is shown in Fig-

ure 6.48, depicting a slightly less smooth surface than areas 1 and 2 presented in

Figures 6.46 and 6.47, with a higher concentration of raised features protruding from

the smooth crude oil film beneath. This could perhaps be due to a rougher surface

being present underneath, the raised features being a direct reflection of the surface

beneath, or a rougher surface might cause more droplets to form.
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Figure 6.45: Aged Bandera Brown 1: SEM Overlay
An overlay of seven low-vacuum SEM micrographs of the first aged Bandera Brown

sample. Areas highlighted in yellow and labelled 1 - 3 are shown at higher magnification
in Figures 6.46 - 6.48. The area highlighted in orange and labelled 4 was selected for

EDX analysis (see Figure 6.53). The seven micrographs which make up this overlay are
shown individually in Appendix C, Figures C.7 - C.13.
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Figure 6.46: Aged Bandera Brown 1: high magnification SEM micrograph of area 1
A high magnification low-vacuum SEM micrograph of the area labelled “1” on the aged

Bandera Brown surface shown in Figure 6.45.

Figure 6.47: Aged Bandera Brown 1: high magnification SEM micrograph of area 2
A high magnification low-vacuum SEM micrograph of the area labelled “2” on the aged

Bandera Brown surface shown in Figure 6.45.
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Figure 6.48: Aged Bandera Brown 1: high magnification SEM micrograph of area 3
A high magnification low-vacuum SEM micrograph of the area labelled “3” on the aged

Bandera Brown surface shown in Figure 6.45.

Figure 6.49 shows a high-magnification low-vacuum SEM micrograph of a section

of the aged Bandera Brown surface outside of the area shown in Figure 6.45, which

is dubbed area “5”. Both raised sections and small recessed regions in the crude oil

film can be seen in this micrograph. It is possible that these recessed regions are a

reflection of the topology of the rock underneath, and as such reflect a dent in the

Bandera Brown surface. It is also possible that these recessed areas represent areas

of localised de-wetting of the substrate by the crude oil film, which would possibly

be reflective of the chemical or topographical heterogeneity of the Bandera Brown

surface beneath. In some instances these recesses/dents are separate from the raised

droplets, whereas in some cases the recesses form structures akin to moats around

the crude oil droplets. An example of each of these two cases is picked out and

labelled in Figure 6.50.
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Figure 6.49: Aged Bandera Brown 1: high magnification SEM micrograph of area 5
A high magnification low-vacuum SEM micrograph of a section of the aged Bandera
Brown surface outside of the region depicted by the overlay shown in Figure 6.45.

Figure 6.50: Aged Bandera Brown 1: SEM micrograph of area 5 with labels
The high magnification low-vacuum SEM micrograph from Figure 6.49 with different

dent types labelled.
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The overlay of four low-vacuum SEM micrographs shown in Figure 6.51 is of

the second aged Bandera Brown sample. Comparison with the first sample’s aged

surface shown in Figure 6.45, shows good agreement, indicating that the ageing

protocol used is reasonably reproducible on this outcrop rock. The surface appears

once more to be entirely covered with a smooth crude oil film, with raised crude oil

droplets on top. The bulkier topology with features tens of micrometres across is

still visible, but the finer topology underneath is obscured by the film. This surface

was later investigated using SICM, results from which are shown in Section 6.3.2.
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Figure 6.51: Aged Bandera Brown 2: SEM Overlay
An overlay of four low-vacuum SEM micrographs of the second aged Bandera Brown
sample. The four micrographs which make up this overlay are shown individually in

Appendix C, Figures C.14 - C.17.
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6.3.1.2 Energy-Dispersive X-Ray Spectroscopy

EDX was carried out on the area labelled “4” in Figure 6.45, results from which are

shown in Figure 6.53 below. As was the case for the aged Estaillades and calcite

samples in Chapter 5: Carbonate Ageing Studies, the crude oil appears to have fully

covered the Bandera Brown surface. An EDX spectrum of the bare Bandera Brown

surface is shown in Figure 6.52; when compared to the EDX spectrum for the aged

surface shown in Figure 6.53d, it can be seen that the minerals present on the bare

surface are completely obscured, from the absence of any Fe, Na, Mg, Al, Si or K

peaks. The only elements visible on the aged surface are N and O, suggesting that

the crude oil film is at least on the order of µms thick, as X-rays detected during

EDX scans can typically permeate up to 2 µm through a sample.83

Figure 6.52: Bandera Brown: example of an unaltered Bandera Brown EDX spectrum
The EDX spectrum originally shown in Figure 6.17e on page 298 for area 1 of the
Bandera Brown surface shown in Figure 6.14 (page 295), for comparison with the

spectrum shown in Figure 6.53d.
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(a)

(b) (c)

(d)

Figure 6.53: Aged Bandera Brown 1: EDX results for area 4
EDX results for area 4 of the Bandera Brown surface shown and labelled in 6.45. (a)
Shows the low-vacuum SEM micrograph of the area, (b) and (c) show the N and O

distribution maps for the area respectively, and (d) shows the X-ray energy spectrum for
the image, with element assignments labelled.
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6.3.2 Scanning Ion Conductance Microscopy

Obtaining SICM topographical images of the aged Bandera Brown surface proved

challenging, similarly to the studies on the aged calcite and Estaillades samples

described in Chapter 5: Carbonate Ageing Studies. The SICM images which were

obtained have a blurred quality, and the nanopipette became blocked more fre-

quently than when mapping the unaltered surfaces. Sections of the crude oil film

also appeared to be damaged upon visual inspection of the sample after imaging.

To explain these three observations, as for the Estaillades and calcite samples in

Chapter 5: Carbonate Ageing Studies, it is proposed that the crude oil was partially

removed by the 0.1 M KCl(aq) electrolyte during imaging. Due to the more frequent

nanopipette blockages, not many images were successfully obtained; two images of

the aged Bandera Brown sample were collected using SICM and are shown below in

Figures 6.54 and 6.55a.

The aged Bandera Brown surface in Figure 6.54 appears to show a reasonably

smooth section of the Bandera Brown surface, with a raised droplet in the top right

hand corner which is at least 0.5 µm across. As the field of view is only 2.8 × 2.8 µm,

no other features are visible. The second SICM topographical image of the aged

Bandera Brown surface in Figure 6.55 shows a wider field of view of 10 × 10 µm,

and appears to show a surface with numerous crude oil droplets visible. Lines across

some of the features are labelled A-C on Figure 6.55b, height profiles along which

can be found in Figure 6.56.
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Figure 6.54: Aged Bandera Brown: 2.8 × 2.8 µm SICM image
A 2.8 × 2.8 µm SICM topographical image of the aged Bandera Brown surface with a

pixel size of 50 × 50 nm.

(a) (b)

Figure 6.55: Aged Bandera Brown: 10 × 10 µm SICM image
A 10 × 10 µm SICM topographical image of the aged Bandera Brown surface with a
pixel size of 100 × 100 nm. (a) shows the image and (b) shows the image with three

lines A-C labelled. Height profiles along A-C are shown in Figure 6.56.
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(a)

(b)

Figure 6.56: Aged Bandera Brown: Height profiles for the SICM image in Figure 6.55b
Height profiles along the lines marked in Figure 6.55b. (a) shows the height profile for

line A and (b) shows the height profiles for lines B and C.
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Line A crosses a dent in the surface which as can be seen from the profile along

it in Figure 6.56a is approximately 2 µm across. Lines B and C in Figure 6.55b

both cross multiple crude oil droplets, the height profiles along which are shown

in Figure 6.56b. Both peaks along line B are approximately 2 µm across. The

second peak shows a shoulder on the right hand side, which is proposed to be a

partly-obscured droplet sitting beneath the more raised droplet on the left. This

second peak is therefore proposed to be an approximately 1 µm droplet sat on

top of a second droplet of unknown diameter. Profile C features a larger droplet

approximately 2.5 µm across with a second smaller droplet approximately 1 µm

across. These droplet and dent sizes align with what was observed in the low-

vacuum SEM micrographs, so it is proposed that despite the interference from the

crude oil coming off the surface into solution, this is a real image of the surface. The

low-vacuum SEM micrograph previously shown in Figure 6.49 (page 334) is shown

in Figure 6.57 with a number of droplets and a dent highlighted with approximate

measurements alongside. The dent shown on this SEM micrograph is approximately

2.4 µm across, whilst the raised droplets are in the range of 1.0 - 2.5 µm across,

which compares well with the SICM micrograph in Figure 6.55a where the dent

measures approximately 2 µm across, and the raised droplets measure between 1 -

2.5 µm across.
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Figure 6.57: Aged Bandera Brown: SEM micrograph with measurements
The high magnification low-vacuum SEM micrograph previously shown in Figure 6.49
with a number of droplets and a dent highlighted, with approximate widths given. For
comparison with the feature widths observed in Figure 6.56 for the SICM image in

Figure 6.55.
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6.3.3 Post-Ageing, post-SICM Low Vacuum SEM Studies

Gaps in the crude oil film were observed upon visual inspection of the aged Bandera

Brown sample after SICM imaging, which when combined with the blurring of the

SICM images, possibly indicated that the crude oil film had been altered. The aged

Bandera Brown sample was therefore imaged once more using low-vacuum SEM, in

combination with EDX, to elucidate the nature of this alteration.

An overlay of three low-vacuum SEM micrographs of the aged Bandera Brown

surface after SICM imaging is shown below in Figure 6.58. The areas labelled 1 - 3

are shown at higher magnification in Figures 6.59, 6.62 and 6.65 respectively, and

were also selected for EDX mapping. This wider area captures evidence that the

crude oil film still largely remains, with the crude oil droplets previously observed

on the freshly aged sample still visible across the sample surface, the majority of

the Bandera Brown surface remaining obscured.

Areas 1 - 3 were selected for further investigation, as upon visual inspection,

prior to any EDX mapping, they appeared to be examples of where the Bandera

Brown surface might have been revealed during SICM imaging. These three areas

each have sharp-edged, smooth sided structures protruding from regions with little

crude oil droplet coverage. However, it is unclear from these images alone whether

the surface has been fully revealed, whether the crude oil film has perhaps thinned

to reflect the topology beneath, or whether simply the crude oil droplets have been

removed, with the majority of the smooth crude oil film underneath left intact. Due

to this uncertainty, EDX mapping was performed on all three areas to help elucidate

the nature of these alterations.
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Figure 6.58: Aged Bandera Brown post-SICM: SEM Overlay
An overlay of three low-vacuum SEM micrographs of the aged Bandera Brown

post-SICM surface. Labelled boxes indicated the regions which were further analysed
with EDX, which are shown at higher magnification in Figures 6.59, 6.62 and 6.65. The

individual micrographs which make up this overlay can be found in Appendix C,
Figures C.18 - C.20.
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The EDX results for areas 1 - 3 of the aged Bandera Brown post SICM surfaces

as defined in Figure 6.58 are shown in Figures 6.60 and 6.61, 6.63 and 6.64, and

6.67 6.66 for areas 1, 2 and 3 respectively. In each of the three EDX spectra in

Figures 6.61, 6.64 and 6.66, in addition to the N and O peaks which were observed

in the freshly aged Bandera Brown spectrum (Figure 6.53, page 338), Si and S peaks

can also be observed.

Figure 6.59: Aged Bandera Brown post-SICM: SEM micrograph of area 1
A high magnification low-vacuum SEM micrograph of the area labelled “1” in

Figure 6.58.

The Si’s presence in the spectra could indicate that the Bandera Brown’s surface

is either being partly exposed, or that the crude oil film is thinning to < 2 µm thick,

allowing the detectors to pick up this new signal from the rock beneath.83 Looking

at the Si distribution maps for areas 1 and 2 in Figures 6.60b and 6.63b, the Si

distribution is not uniform; the higher concentration areas likely indicate where the

surface is either fully exposed, or where the crude oil film is at its thinnest. These

regions with higher Si concentrations on areas 1 and 2 correlate with regions of higher
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(a)

(b) (c)

(d) (e)

Figure 6.60: Aged Bandera Brown post-SICM: EDX element maps for area 1
EDX results for area 1 of the Aged Bandera Brown post-SICM surface shown and

labelled in 6.58. (a) Shows the low-vacuum SEM micrograph of the area and (b) - (e)
show the Si, S, O and N distribution maps for the area respectively.
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(a)

Figure 6.61: Aged Bandera Brown post-SICM: EDX X-ray energy spectrum for area 1
The X-ray energy spectrum for the EDX results in Figure 6.60, with element

assignments labelled.

O concentration (Figures 6.60d and 6.63d), which is perhaps indicative of quartz

close to the surface. For area 1, these high Si and O concentration regions correlate

with what appears to be the most elevated section of the surface, possibly suggesting

that the crude oil film is being removed from the most exposed regions first. On

area 2, these regions of high Si and O concentrations are seemingly “random” and

do not appear to correlate with any significant features in the SEM.

Given this apparent thinning or detachment of the crude oil film, the lack of any

Na, Mg or Al signal is peculiar, suggesting that the crude oil film is not thinning

evenly across all minerals on the Bandera Brown surface. The exposure of exclusively

Si- and O-bearing surfaces, possibly quartz, could suggest that these surfaces are the

most water-wet, as the crude oil has been most readily displaced from them. Quartz

has been shown in the literature to exhibit both water-wet and oil-wet behaviours

depending on pH, temperature and crude oil composition, so it is possible that the

348



conditions in the experiments performed here lead to a water-wet state on the quartz

surfaces, causing them to be more readily exposed by the 0.1 M KCl(aq) electrolyte

than the other minerals present on the Bandera Brown surface.174

Figure 6.62: Aged Bandera Brown post-SICM: SEM micrograph of area 2
A high magnification low-vacuum SEM micrograph of the area labelled “2” in

Figure 6.58.

As S was not observed in the EDX spectrum for aged Bandera Brown prior to

SICM imaging, or the bare Bandera Brown surface, it is perhaps un-expected that

S should show a strong peak in all three EDX spectra for aged Bandera Brown

post-SICM. However, S-containing compounds are common in crude oil, and S was

observed in both the aged calcite and aged Estaillades EDX spectra; see Figures 5.11

and 5.28 - 5.31 in Chapter 5: Carbonate Ageing Studies. It therefore seems most

likely that the S signals observed for aged Bandera Brown post-SICM are indeed

from the crude oil film, and that perhaps by chance a region with very low S-content

was mapped on the freshly aged Bandera Brown surface.
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(a)

(b) (c)

(d) (e)

Figure 6.63: Aged Bandera Brown post-SICM: EDX element maps for area 2
EDX results for area 2 of the Aged Bandera Brown post-SICM surface shown and

labelled in 6.58. (a) Shows the low-vacuum SEM micrograph of the area and (b) - (e)
show the Si, S, O and N distribution maps for the area respectively.
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(a)

Figure 6.64: Aged Bandera Brown post-SICM: EDX X-ray energy spectrum for area 2
The X-ray energy spectrum for the EDX results in Figure 6.63, with element

assignments labelled.

Area “3” on the aged Bandera Brown surface after SICM imaging, defined in

Figure 6.58 is shown in Figure 6.65 at higher magnification. This area, although

similar in appearance to areas 1 and 2, with a raised region less covered in crude

oil droplets than the surrounding regions, does not have any notable heterogeneities

in the EDX results (Figures 6.66 and 6.67). Si is present in the X-ray spectrum,

however there are no clear regions of high Si content in the Si distribution map

(Figure 6.67b), suggesting that area 3’s crude oil film has been reasonably uniformly

thinned. When compared with areas 1 and 2, the need for EDX analysis for samples

such as this is highlighted, as three seemingly similar regions in SEM micrographs

alone are in fact subtly different in nature.
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Figure 6.65: Aged Bandera Brown post-SICM: SEM micrograph of area 3
A high magnification low-vacuum SEM micrograph of the area labelled “3” in

Figure 6.58.

(a)

Figure 6.66: Aged Bandera Brown post-SICM: EDX X-ray energy spectrum for area 3
The X-ray energy spectrum for the EDX results in Figure 6.67, with element

assignments labelled.
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(a)

(b) (c)

(d) (e)

Figure 6.67: Aged Bandera Brown post-SICM: EDX element maps for area 3
EDX results for area 3 of the Aged Bandera Brown post-SICM surface shown and

labelled in 6.58. (a) Shows the low-vacuum SEM micrograph of the area and (b) - (e)
show the Si, S, O and N distribution maps for the area respectively.
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6.4 Summary

In this chapter the diversity of the mineralogy on Bandera Brown was showcased

through low-vacuum SEM imaging and EDX mapping. Two of these different min-

erals were identified from SICM topographical mapping, however it is possible that

some of the minerals in the SICM images shown were incorrectly or failed to be

identified and that more than two minerals were in fact mapped. Bandera Brown

proved to be a more challenging sample than the carbonates to map with the SICM,

as it is proposed that changes in feature height on the Bandera Brown surface were

larger than for the carbonates. This difficulty was however overcome with a sim-

ple change to the minimum hop height to reduce the number of nanopipette probe

crashes. This change, of course, came at a cost; imaging takes longer the higher each

hop, so each Bandera Brown SICM image took around 1.5× longer to collect than

for the carbonate outcrop rocks discussed in this thesis. To significantly increase

the chances of recording a successful SICM image, this time cost is proposed to be

of net benefit.

As was found with the aged calcite and aged Estaillades samples in Chapter

5: Carbonate Ageing Studies, topographical mapping of the aged Bandera Brown

sample using the SICM was more challenging than for the unaltered samples. The

crude oil film appeared to be partially removed by the electrolyte, blurring the

images and causing more frequent blocking of the nanopipette. SEM and EDX

mapping was carried out on the aged Bandera Brown sample after SICM imaging,

and it was found that this apparent partial removal of the crude oil by the electrolyte

resulted in the localised removal/thinning of the crude oil film. This was shown via
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SEM, as some of the topology of the Bandera Brown surface beneath was revealed,

and a Si signal appeared in all three areas probed with EDX, some revealing local

regions of higher Si concentrations, suggesting an uneven film distribution.
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Chapter 7

Discussion

7.1 Digital Rock and SICM

Digital rock, although a term primarily used to refer to the numerical modelling of

fluid flow through complex pore geometries in rock, often utilises experimentally-

obtained images as a starting point for calculations. Progress has been made in

recent years to enhance imaging techniques such as micro-CT in order to gain more

detailed information for numerical simulations, however there is still further progress

to be made before reservoir behaviour can be fully predicted.10,12,25–27

SICM was developed for and has been primarily used for the imaging of soft,

delicate samples such as living cells, as it is a non-contact nanoscale topographical

mapping technique.28,35,40 It has also been used in the fields of chemistry and materi-

als science, but not extensively, to investigate surfaces such as battery materials and

catalysts,36–39 brought about by the advent of hopping mode, which has the ability

to map samples with more sudden changes in feature height than other SPMs such
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as AFM.35,49 At the time of writing there were no known examples of SICM being

used to map any type of rock, for any application, in the literature.

The core focus of this thesis was to investigate the possible uses for SICM in

terms of providing inputs for modelling in the field of digital rock. Validation of the

topographical maps generated with SICM came from low-vacuum SEM and AFM.

Low-vacuum SEM set the scene for interpreting the SICM topographical images,

providing a means of categorising the different surface types or minerals present.

The micrographs generated also served as useful tools in themselves to gain insights

into the heterogeneities present on the variety of mineral surfaces studied. AFM

was used as a validation measure for the feature heights and widths measured with

SICM, which was chosen as it is a more established technique in the literature for

the mapping of reservoir and outcrop rocks.110–113

In this thesis, SICM topographical maps were acquired for: three carbonate out-

crop rocks: Estaillades, Ketton and Indiana, and their reference, calcite; a sandstone

outcrop rock: Bandera Brown; a polystyrene film on glass; and aged surfaces of cal-

cite, Estaillades and Bandera Brown. Validation of these SICM images was provided

by low-vacuum SEM micrographs for all surfaces studied, and from AFM images

for the Ketton, Estaillades, Indiana, polystyrene film on glass, and aged calcite and

Estaillades samples.
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7.2 Carbonates

Chapter 3: Carbonates presented low-vacuum SEM micrographs, and SICM and

AFM images of three carbonate outcrop rocks: Ketton, Estaillades and Indiana,

which were chosen as they are commonly used in oil and gas recovery research. All

three carbonates each have calcite percentage compositions reported as> 90 %.92,93,96,97

As these surfaces were primarily composed of calcite, a pure calcite crystal was also

imaged with low-vacuum SEM and SICM for comparison.

Table 7.1 brings together the four summary tables given in Chapter 3: Car-

bonates, summarising the different area types identified across the three different

carbonate outcrop rocks and calcite in the low-vacuum SEM micrographs. Table

7.2 summarises which of the surface types identified in the low-vacuum SEM micro-

graphs were subsequently identified in the SICM and AFM topographical images.

In Table 7.2, “✓” signifies that an example of that surface type was identified, no

symbol signifies that no examples were identified, and “?” is used to indicate where

the surface type was not definitively identified, but that there was an SICM or AFM

image for which it was a contender.

In the case of Ketton, surface types 3, 4 and 6 are all marked as “?” for both the

SICM and AFM columns. Each of these surface types are different perspectives on

a broken ooid grain shell. As they are all ooid grain shell surfaces, they have similar

characteristics; they are made up of irregularly shaped crystallites each < 1 µm

across. Figure 7.1 shows low-vacuum SEM micrographs of these three surface types

at high magnification to best visualise the similarity. The consequence is that in

the nanoscopic view of the SICM images it is not possible to differentiate them.
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Their distinction becomes apparent in the microscopic view of the low-vacuum SEM

micrographs, when it can be easily determined whether a surface is from the outside,

inside or cross-section of an ooid grain shell.

(a) Ketton surface type 3 (b) Ketton surface type 4

(c) Ketton surface type 6

Figure 7.1: Ketton: ooid grain shell perspectives
Three low-vacuum SEM micrographs of the Ketton ooid shell from different perspectives;
(a) shows surface type 3, the cross-section of the ooid grain shell, (b) shows surface type

4, the fractured exterior of the ooid grain shell, and (c) shows surface type 6, the
fractured interior of the ooid grain shell. These micrographs were originally shown in

Figures 3.11 and 3.15 in Chapter 3: Carbonates.

In the case of Indiana, surface types 5a and 5c have been marked as “?” for the

SICM images. Both surface types are made up of smooth-surfaced crystallites which

are either either 5 - 10 µm or 1 - 2 µm across respectively. Thus when smaller, for

example 2 × 2 µm, images are taken on the SICM the two surface types can not be

differentiated, as no crystallite is captured in its entirety.
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Sample Type SICM AFM

Ketton

1 ✓

2 ✓

3 ? ?

4 ? ?

5

6 ? ?

Estaillades

1 ✓

2 ✓ ✓

3a ✓ ✓

3b

4 ✓

Indiana

1 ✓

2 ✓

3 ✓ ✓

4

5a ?

5b ✓

5c ?

Table 7.2: Carbonate surface types identified by SICM or AFM
A summary of the carbonate surface types which were identified in the SICM and AFM
topographical images. “✓” signifies that the surface type was identified in at least one
image, no symbol signifies that no examples of that surface type were identified, and “?”

signifies that the surface type was a contender for at least one image which did not
ultimately provide sufficient information for a definitive identification.

From Table 7.2, it can be seen that for each of the three carbonates, the ma-

jority of their surface types were identified in the SICM images, demonstrating the

technique’s applicability in the field of digital rock. Fewer sessions were devoted to

AFM imaging than to SICM imaging, so it is unsurprising that fewer surface types

were identified in the AFM images. It should also be noted that for each of the

three carbonate outcrop rocks, the more recessed surface types or those with the

sharpest height changes such as Ketton surface type 5 and Indiana surface type 4,
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were not successfully mapped with either AFM or SICM, probably because these

surfaces are the least well-suited to being mapped with an SPM. The stark contrast

in the number of surface types identified in the AFM images compared to the SICM

images is not likely to be a fair reflection on the AFM in terms of its adequacy in

imaging these materials, although the surface types observed in the AFM images

reported in the literature were found to broadly align with what was observed in

the AFM images reported in this thesis, as touched upon in the relevant sections

below.23,175,176

For each of the carbonate materials, attempts to assess whether a surface was

naturally occurring or whether it had been generated in the sample cutting process

were made. From this, combined with considerations of pore throat sizes, it was

proposed that certain surfaces were of more relevance for modelling oil extraction

processes than others. This was originally discussed in Chapter 3: Carbonates,

Section 3.2, however these assessments will also be summarised for each outcrop

rock below.

7.2.1 Ketton

Ketton has a hierarchical structure; the surface of the ooids and the gaps between

them forming a micro-porous network, and the porosity of the ooid grains them-

selves forming a nano-porous network. This agrees with mercury-injection tests

performed by Menke et al., which indicated two groupings of pore throat radii, the

micro- and nano-porous networks being determined as 10 - 50 µm and 10 - 100 nm

respectively.106 Although Ketton studies in oil and gas research in the literature have
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historically focused on the micro-porosity created by the space between the ooids, as

this is what can be visualised using micro-CT imaging of cores,21,93,96,177 examples

from nature such as the lotus leaf effect demonstrate the importance of considering

multi-scale roughnesses when understanding the wettability of a surface,178,179 and

as such it is possible that both the micro- and nano-porous networks in Ketton

play key roles in its macro-scale fluid flow behaviour. AFM and SICM images were

collected of the surface to gain insight into the nanoscale roughnesses inside and

outside of the ooids, whilst low-vacuum SEM helped link the two scales, placing the

nano-scale topographical images into the context of the micro-scale structure.

7.2.1.1 Low-vacuum Scanning Electron Microscopy

As described in Table 7.1 (page 360), the Ketton surface presented six different

surface types in the low-vacuum SEM experiments. Surface type 1 is likely to be

the most important Ketton surface to study in molecular modelling for digital rock,

as this represents the surface which covers the outside of the ooid grains; the surface

which would be encountered in the micro-porous network and therefore the network

which fluid will more readily flow through.

The other five surface types on Ketton should not however be fully disregarded.

Although surface types 2 - 6 represent areas which are proposed as having been

altered or exposed due to the cutting stage of sample preparation, they are not

necessarily irrelevant to the real systems in oil reservoirs, as the rock will likely

become fractured during oil extraction. Surface type 2 represents areas of ooid grain

surface which appear to have been affected by previously being in contact with a

second ooid grain, a residue of spikey structures approximately 1 µm long present
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on top of the smooth-sided 0.5 - 4 µm crystallites beneath. It is not impossible

for fracturing to occur in oil reservoirs, leading to individual ooid grains to become

dislodged and for these surfaces to be exposed to the crude oil flow within the larger

pore network with 10 - 50 µm pore throat radii.106

Surface types 3, 4 and 6 represent the surfaces of the ooid grain shell which sit

beneath surface types 1 and 2, made up of < 1 µm crystallites with irregular shapes.

Further inside the ooid, larger smooth-sided crystallites were observed making up

surface type 5, measuring up to 15 µm across, which appear to cover the inside of

the ooid grain shell. Surface types 3 - 6 are therefore the surfaces which would be

encountered within the nano-porous network previously discussed. The narrower

radii of these pores does make the crude oil less likely to flow through this narrower

pore network, however as was argued for surface type 2’s relevance, it is not im-

possible for fracturing to occur in the reservoir, resulting in the exposure of surface

types 3 - 6 within the larger 10 - 50 µm pore network as well.106

It is therefore proposed that although surface type 1 is likely to be the most

common surface to which the crude oil is exposed when flowing through carbonate

reservoirs made up of ooid structures, the study of surface types 2 - 6 has merit in

terms of understanding a full picture of all the surfaces with which the crude oil and

water may interact.

7.2.1.2 Scanning ion conductance microscopy

As summarised in Table 7.2 (page 361), Ketton surface types 1-4 and 6 were iden-

tified to some regard in the SICM topographical images. It is a good indication of

SICM’s suitability in mapping carbonates such as Ketton that all bar one of the
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surface types were identified in the SICM topographical images. Surface type 5 may

not have been successfully mapped for multiple reasons. Surface type 5 contains

the largest features of the Ketton surface types, containing crystallites up to 15 µm

across. This is not only larger than the largest area typically mapped in Chap-

ter 3: Carbonates, 10 × 10 µm, but also brings with it the possibility that large

height changes of many microns could occur suddenly when mapping the interface

between two such crystallites. Large, sudden height changes will inevitably increase

the chances of the nanopipette probe crashing into the surface and breaking, and

thus the termination of that image attempt. Another factor which may have in-

fluenced why surface type 5 was not observed in the SICM topographical maps, is

that surface type 5 is the most “hidden” of the six surface types. Surface type 5

was found inside an open ooid, beneath the ooid grain shell in the first low-vacuum

SEM micrograph overlay (Chapter 3: Carbonates, Figure 3.7, page 97), but was not

observed at all in the second (Figure 3.8, page 98), which could suggest that surface

type 5 is a rarer surface type to expose. This possible rarity, combined with the

expected difficulty of mapping surface type 5 with SICM is why it is hypothesised

that surface type 5 was not observed in the SICM topographical maps. Due to it

being the most recessed inside the ooid structure, it is also likely to be the least

important surface type to map for inputs into modelling, as it is the least likely

to see crude oil or impact crude oil flow through the structure. That being said,

surface type 5 would likely still be of interest for other reservoir applications such

as CCS, as the nano-pores in the Ketton ooid grains are large enough for CO2 to

easily penetrate, and as such it is still of interest.
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7.2.1.3 Atomic Force Microscopy

The AFM topographical images of Ketton, as summarised in Table 7.2 (page 361),

showed surfaces each proposed to belong to one of surface types 3, 4 or 6. It is

perhaps not a coincidence that the only surfaces mapped with AFM are the ooid

grain surfaces which become exposed during cutting. The AFM tips used in these

experiments are listed by the manufacturer as being 15 - 19 µm in height,180 whereas

the Ketton ooid grains can be seen in the low-vacuum SEM micrograph overlays in

Chapter 3: Carbonates, Figures 3.7 and 3.8, to be many 100s of µm in diameter.

Although it is not possible to measure accurately from the SEM micrographs, it is

quite likely that the majority of the surface types other than 3, 4 and 6 are 10s or

100s of µm deep into the surface, which would be inaccessible to the 15 - 19 µm

high AFM tips. The perpendicular cantilever sitting 15 - 19 µm above the AFM

probe tip prevents the mapping of surfaces which would be accessible to the SICM

nanopipette probe, which remains narrow and vertical for 100s of µm (Figure 7.2)

before widening to accommodate the electrode.

These findings are broadly in agreement with the literature. Two AFM images of

Ketton were found in the literature, from Rücker et al. and Zheng et al..23,175 Rücker

et al. show an AFM image of Ketton with a variety of feature sizes and shapes; a

detailed scale bar is not shown, but the features do not appear to exceed 4 - 5 µm

in size, which combined with the smaller structures would suggest that they are

showing an image of surface type 2.175 Although surface type 2 was not successfully

mapped in the experiments for this thesis, surface type 2, the exposed surface were

two ooids used to be in contact, would not necessarily be a recessed surface type
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Figure 7.2: Optical microscopy image of a nanopipette tip
An image of a nanopipette tip taken on an optical microscope at x5 magnification.

Lengths marked on the image illustrate how the nanopipette is < 100 µm in width for
100s of µm, allowing it to be used to probe areas recessed in a surface of interest. The
wider section, where the electrode would be placed, is not fully visible in this image; the
full length of the nanopipettes made for these studies were approximately 3.5 cm long.

depending on where the sample was cut, and so this is not in opposition to the

assertion made here that the AFM can not reach more recessed features. Zheng

et al.’s AFM image of Ketton presents a small field of view, so accurate assignment

challenging, but as only sub-micron crystallites can be seen, this is likely to be one

of the surface types 3, 4 or 6 which were also mapped successfully by AFM in this

thesis.

In addition to the SICM being able to access more recessed features in the sample

surface, it was also noted that the AFM images of Ketton had a blurred quality to

them, the SICM producing clearer images of the surface. This apparent difference

in technique suitability is proposed to be a result of the numerous and significant

changes in feature height, which although pose problems for the AFM to resolve in
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tapping mode, with tip oscillation amplitudes on the order of 10 - 100 nm,114,115 are

easily accommodated by the SICM hopping mode minimum hop heights of 1 - 5 µm

employed to collect the images presented in this thesis.

7.2.2 Estaillades

7.2.2.1 Low-vacuum Scanning Electron Microscopy

Four different surface types were found on the Estaillades surface using low-vacuum

SEM in Chapter 3: Carbonates, details of which were summarised in Table 7.1

(page 360). Two of these, surface types 1 and 2, are proposed to be surfaces gen-

erated during the cutting process of sample preparation. Surface type 1 represents

the most elevated sections of the surface, which have been directly caught with the

rotating saw during cutting and are flat as a result. Adjacent to regions of surface

type 1, regions of surface type 2 can be found. Surface type 2 represents regions of

rough-edged crystallites, proposed to be the result of fracturing during the cutting

process. Surface types 3 and 4 are proposed to be the regions of the Estaillades

surface which were recessed such that they were unaffected by the cutting process.

Both surface types 3 and 4 are made up of smooth-sided crystallites, the key dif-

ference between the two being size; surface type 3 is made up of larger crystallites,

5 - 10 µm across, whilst surface type 4 consists of smaller crystallites, typically 1 -

2 µm across.

As was the case with the Ketton surface types, the surfaces which are interpreted

as being un-affected by sample preparation are proposed to be the best candidates

for informing molecular or pore network models. In the case of Estaillades, this
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would be the surface types 3 and 4, made up of smooth crystallites of varying sizes.

The flat surfaces making up surface type 1 are probably unlikely to occur naturally,

as it is proposed that they have been artificially made smooth during the cutting

process. However, surface type 2 could well be found in reservoirs if any fracturing

occurred, possibly producing surfaces similar to these regions. Topographical maps

of surface type 2 are therefore likely to be of value for modelling inputs, alongside

maps surface type 3 and 4.

7.2.2.2 Scanning Ion Conductance Microscopy

As summarised in Table 7.2 (page 361), all four surface types which were identified

in the low-vacuum SEM micrographs of the Estaillades surface were also identified

in the SICM topographical maps in Chapter 3: Carbonates. The sub-type 3b, which

describes regions of the large, smooth crystallites where fracturing has occurred to

produce a step-like structure was not found in the SICM topographical images. This

is perhaps not surprising, as this sub-type appeared infrequently in the low-vacuum

SEM micrographs, and is possibly further indication of its relative rarity.

Surface type 3 was anticipated as being the most difficult of the surface types

to map with SICM due to the presence of larger crystallites, and thus larger height

changes between adjacent pixels. A 5 × 5 µm SICM topographical image which

appears to be of Estaillades surface type 3, originally presented in Figure 3.46a in

Chapter 3: Carbonates, is shown once more in Figure 7.3 below. Sections of the

faces of four crystallites are visible, the exact size of them unknown as none are

fully captured within the image. Although the exact sizes are unknown, this region

is likely to belong to surface type 3, as three of the four crystallites present exceed
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2 µm across in size. The horizontal blue line shown on Figure 7.3a sits across two

crystallite intersections, the height profile along which, from left to right, is shown

in Figure 7.3b. The SICM employed for these experiments scans from left to right in

horizontal lines, bottom to top relative to the images shown. A horizontal profile was

therefore selected as it represents a section of one of the line scans which was taken

during image acquisition. From this profile it can be seen that the drops between

crystallites is around 6 µm. It is fortunate that these crystallites were arranged such

that the height dropped from left to right, as the minimum hop height which was

set for the acquisition of this image was only 1 µm. If the scan had taken place

in the opposite direction, the tip likely would have crashed into the edge of one of

these crystallites, and the image would not have been successfully acquired. This

highlights the luck which plays a role in imaging some of these surface types, and

the importance of selecting appropriate scan parameters.

7.2.2.3 Atomic Force Microscopy

The AFM topographical images collected of the Estaillades sample appeared to show

regions of surface types 2 and 3. This is in agreement with the literature, however

only one example of AFM imaging of Estaillades was found.176 Ekanem et al. showed

an image composed of rough-edged crystallites approximately 1 - 2 µm across, which

fits into the definition of Estaillades surface type 2.176 It is perhaps unexpected that

an example of surface type 1 was not found, as it is the flattest and most elevated of

the four surface types, and therefore the best suited for AFM imaging. Surface type

1 did not however account for a large proportion of the surface in the low-vacuum

SEM micrograph overlays in Figures 3.16 and 3.17 in Chapter 3: Carbonates. The
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(a)

(b)

Figure 7.3: Sharp height changes in Estaillades surface type 3
(a) shows the 5 × 5 µm SICM topographical image of a region of the Estaillades surface

proposed to belong to surface type 3, which was originally shown in Figure 3.46a in
Chapter 3: Carbonates. A blue horizontal line on this topographical map shows the
location of the height profile displayed in (b) where the sharp height changes between

crystallites can be seen.
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lack of surface type 1’s presence in the AFM topographical images is therefore likely

to be a reflection on the comparatively fewer sessions spent on the atomic force

microscope than the scanning ion conductance microscope. Surface type 4 on the

other hand was abundant, so its absence from the AFM topographical images can not

be explained by rarity. Looking back to the low-vacuum SEM micrograph overlays

in Figures 3.16 and 3.17 in Chapter 3: Carbonates, surface type 4 is perhaps one of

the more recessed surface types on the Estaillades surface, and thus perhaps more

difficult to access with the AFM probe tip than the SICM nanopipette.

As was the case for the AFM images collected of the Ketton surface type 3, 4 or 6,

the AFM images of Estaillades surface type 2 also appeared blurred in comparison to

the images of surface type 2 collected on the scanning ion conductance microscope.

This is again proposed to be due to AFM’s smaller oscillation of the tip during

tapping mode, typically 10 - 100 nm,114,115 compared to the hopping mode hop

heights employed when obtaining SICM images, typically 1 - 5 µm. This smaller

oscillation does not allow the atomic force microscope to fully accommodate the

> 100 nm height changes present when imaging these samples.

7.2.3 Indiana

7.2.3.1 Low-vacuum Scanning Electron Microscopy

As described in Table 7.1 (page 360), five different surface types were identified from

the low-vacuum SEM micrographs of the Indiana sample. Similarly to Estaillades,

two of these surface types are proposed to be the direct result of sample cutting

prior to imaging. Indiana surface type 1 represented the most elevated regions which
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have been made artificially flat, which are similar to Estaillades surface type 1, and

Indiana surface type 3 represented the regions adjacent to surface type 1 which

consist of small rough-edged crystallites, which are similar to Estaillades surface

type 2.

Indiana surface type 2 was similar to Estaillades surface sub-type 3b, in that

it represented calcite crystallites which had fractured to reveal step-like structures.

These “steps” were however much more abundant on the Indiana surfaces studied

compared to the Estaillades sample, and the large crystallites in which the step-like

structures formed were much larger on Indiana’s surfaces than on Estaillades. Due

to the greater abundance and therefore greater perceived importance of Indiana

surface type 2 compared to Estaillades surface sub-type 3b, it was assigned its own

separate surface type instead of being classed as a sub-type. Two low-vacuum SEM

micrographs are shown in Figure 7.4, showing Indiana surface type 2 (Figure 7.4a)

and Estaillades surface sub-type 3b (Figure 7.4b) side-by-side for ease of comparison;

the step-like structures on Indiana can be seen to be on the order of 100 µm across

compared to Estaillades where the structures are approximately 5 µm across.

Indiana surface type 4 represented large, intact, smooth-surfaced crystallites,

which although similar to Estaillades surface type 3 in shape, were again much

larger, being 50 - 100 µm across. Indiana surface type 5 was made up of smaller

smooth-surfaced crystallites, similar in size and shape to Estaillades surface types 3

and 4, and was split into three sub-types. Indiana surface type 5a is similar to

Estaillades surface type 3, with smooth-surfaced crystallites on the order of 5 - 10 µm

across. Indiana surface types 5b and c were composed of smooth-sided crystallites
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(a) Indiana Surface Type 2

(b) Estaillades Surface Sub-Type 3b

Figure 7.4: Step-like structures in Indiana and Estaillades
Two low-vacuum SEM micrographs originally shown in Chapter 3: Carbonates showing
(a) Indiana surface type 2 at a lower magnification than the same region was shown in

Figure 3.25a, and (b) Estaillades surface type 3b, which was originally shown in
Figure 3.20b.
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which were predominantly 1 - 2 µm across, similar to Estaillades surface type 4. The

differentiation between 5b and 5c is that in surface type 5b a few > 5 µm crystallites

are present, whereas surface type 5c is made up of entirely < 5 µm crystallites.

7.2.3.2 Scanning Ion Conductance Microscopy

As described in Table 7.2 (page 361), SICM topographical maps were collected on

four of the five Indiana surface types. The surface type which was not identified in

the SICM maps was Indiana surface type 4, made up of smooth-sided crystallites

50 - 100 µm across. There are two possible explanations for why this surface type

might not have been identified. The crystallites which make up surface type 4 are

significantly larger than the areas typically scanned with the scanning ion conduc-

tance microscope; as such, no one full crystallite would have been captured within

one image, and so assignment would be challenging. Additionally, surface type 4

is located predominantly on the vertical edges of pore throats or dents, as indi-

cated in Figure 7.5. Due to the nature of image collection on the SICM, where the

nanopipette approaches vertically and any information collected is assumed to be

the result of the surface directly below the probe, vertical surfaces are not typically

imaged. These two factors combined could have both contributed to the resulting

lack of Indiana surface type 4 being identified in the SICM images.

Two question marks are also present in Table 7.2 (page 361) next to Indiana

surface types 5a and 5c. As previously mentioned, these question marks indicate

that a region of the Indiana sample was mapped on the SICM which was too small a

field of view to determine the size of the smooth-sided crystallites present. As such,

the image could be a region of any of the three Indiana surface type 5 sub-types.
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(a)

(b)

Figure 7.5: Positioning of Indiana surface types 3 and 4
SEM micrographs showing the locations of Indiana surface types 3 and 4. (a) shows

sections of four of the SEM micrographs in the center of the overlay shown in
Figure 3.22, and (b) shows the same SEM micrograph as shown in Figure 3.23, both

from Chapter 3: Carbonates.
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7.2.3.3 Atomic Force Microscopy

The AFM images collected of the Indiana sample exclusively showed what was

identified as surface type 3; labelled in Figure 7.5b for reference. Unfortunately,

no AFM images of Indiana could be found in the literature at the time of writing

with which to compare these findings, so it is possible that these images are in

themselves novel. As was the case for the Ketton and Estaillades samples, less time

was devoted to imaging Indiana with the AFM than the SICM. The lack of AFM

images of surface types other than surface type 3 is therefore not necessarily an

indication of the atomic force microscope’s inability to map the other surface types

present. Indiana surface type 3 is characterised as being made up of small, irregular

crystallites, and is proposed to be the result of fracturing caused during cutting, as it

is typically observed in the more elevated regions of the surface, adjascent to surface

type 1. As it is found on the more elevated regions of the sample, it is therefore also

one of the more likely to be successfully approached by the AFM tip. As discussed

previously, the AFM probe tip is only 15 - 19 µm long,180 so is unlikely to reach the

more recessed regions of the Indiana surface.

7.2.4 Summary

Overall, the body of work presented in this thesis on the carbonate outcrop rocks

demonstrates a robust workflow for future characterisation of outcrop rocks in the

field of oil and gas extraction. By following the procedures presented herein from

sample preparation to low-vacuum SEM imaging and surface type-determination, to

the more detailed AFM imaging and SICM imaging; information which is currently
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lacking in literature analyses of these outcrop rocks around their topographical het-

erogeneity at the sub-micron scale,92 would be clearly and methodically elucidated.

The showcasing of the heterogeneity of these outcrop rocks, and the assessment of

the relative significances of their different surface types, has direct implications for

molecular modelling and PNM of these systems. If this workflow were used more

widely, this would probably uncover sub-micron scale heterogeneity of other outcrop

rocks commonly studied in the literature, such as Berea, Bentheimer, Edwards or

Guelph.92,181

Recently, Zheng et al. demonstrated how a topographical map generated using

AFM could be directly re-generated within a molecular modelling simulation, and

used as an input for the fluid-solid interactions.23 This paper, although very promis-

ing, did not touch upon the relevance of the surface type which was chosen for these

simulations.23 If the workflow presented here were incorporated into a similar study,

then the significance of the surface type being modelling would be known, and mul-

tiple surface types of differing importances could have be utilized, to see how much

of an impact the real nanoscale topographical heterogeneities actually have on fluid-

solid interactions at the molecular scale. The outputs from these experiments would

also have relative weightings of importance when fed up the length scale into PNM

simulations, which would be expected to lead to more accurate simulations of these

complex rock systems.
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7.3 Bandera Brown

In Chapter 6: Bandera Brown, a Bandera Brown surface was imaged using low-

vacuum SEM and SICM. In Chapter 3: Carbonates, low-vacuum SEM micrographs

were used to define surface types to categorize the SICM images of the carbonate

materials. Similarly, in Chapter 6: Bandera Brown, low-vacuum SEM micrographs

were used to identify a selection of the minerals present on the surface of Bandera

Brown, which aided with the identification of the features found in the smaller SICM

images. Due to the mineralogical heterogeneity on the Bandera Brown surface, EDX

was also used as a complementary method to aid in the identification of the miner-

als present in some of the low-vacuum SEM micrographs, in addition to expertise

provided by Dr. Fons Marcelis.a AFM was not employed in the studies of Bandera

Brown, as the AFM work on the carbonates in Chapter 3: Carbonates had already

demonstrated that SICM is a suitable SPM for mapping these types of materials, if

not better suited than AFM.

7.3.1 Mineral identification with low-vacuum SEM

Table 7.3 on page 382, originally shown in Chapter 6: Bandera Brown, page 328,

summarises the nine minerals identified on the Bandera Brown surface using low-

vacuum SEM and EDX in Chapter 6: Bandera Brown, and which of these minerals

were proposed to have been identified in the SICM images. Seven of these nine min-

erals were identified from the SEM micrographs, with the further two minerals being

identified from EDX results alone. Although the first seven minerals in Table 7.3

aResearch Geologist at Shell Global Solutions International B.V., Amsterdam, the Netherlands
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were first identified based on the low-vacuum SEM micrographs alone, subsequent

EDX investigations presented additional evidence for the presence of some of these

minerals.

7.3.1.1 Quartz

Quartz (SiO2) was first identified as a large crystal in the low-vacuum SEM micro-

graph re-shown in Figure 7.6a. Quartz was identified again in the EDX, the first

example of which is also shown in Figure 7.6; although the majority of this surface

is proposed to be vermiculite/mica, the area highlighted by the white triangle in the

low-vacuum SEM micrograph (Figure 7.6b) and associated Al, Si and O distribution

maps (Figures 7.6c - 7.6e) is proposed to be a small quartz section. The triangular

shape of this region is further evidence of the presence of quartz, which, as discussed

in Chapter 6: Bandera Brown has a trigonal crystalline structure.156–159 The com-

paratively low Al concentration in this triangular section would indicate that there

is little clay in this region; in contrast, this triangle shows comparatively higher Si

and O concentrations, which would suggest that a quartz component is present. C,

Fe, K, Mg and Na were also found in the region shown in 7.6b, maps for which were

shown in Chapter 6: Bandera Brown, across Figures 6.16 and 6.17 on pages 297 and

298.

7.3.1.2 Mica/vermiculite

Mica (KAl2(AlSi3)O10(OH)2) and vermiculite (M+
0.75Al2(Si3.25Al0.75)O10(OH)2) were

identified across numerous low-vacuum SEM micrographs in Chapter 6: Bandera

Brown. Due to the chemical and morphological similarities between these two ma-
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(a)

(b) (c)

(d) (e)

Figure 7.6: Bandera Brown: Quartz locations
(a) and (b) show two low-vacuum SEM micrographs where quartz was identified. The
large smooth-sided structure in (a) is proposed to be entirely quartz; (b) is proposed to
be mostly vermiculite/mica, but contains quartz in the highlighted triangular area, based
on the element distribution maps in (c), (d) and (e) of Al, Si and O respectively. These
images were originally shown in Figures 6.2 and 6.16 in Chapter 6: Bandera Brown.
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terials it is not possible to distinguish them from each other with any certainty

from low-vacuum SEM or EDX results, and so they are mostly referred to together.

The majority of the region shown in the low-vacuum SEM micrograph in 7.6b is

proposed to be a mica or vermiculite surface, with the exception of the outlined

triangular area which is likely to be quartz. The assignment of mica/vermiculite for

this feature is reinforced by an even distribution of Al, Si and O across the majority

of the surface. A few examples of areas where mica/vermiculite were identified in

the low-vacuum SEM micrographs alone are presented in Figure 7.7 for comparison.

Figure 7.7a appears to show an area which is entirely mica/vermiculite, whereas

Figures 7.7b and 7.7c show areas which are predominantly mica/vermiculite with

small sections of two other clays, smectite and kaolinite, at their centres.

7.3.1.3 Smectite

Smectite (M+
0.33Al2(Si3.67Al0.33)O10(OH)2) was first identified in the low-vacuum SEM

micrograph which is re-shown in Figure 7.7b, and once more covering a larger area

in Figure 7.8. Smectite clay is very similar to mica and vermiculite in terms of

chemical structure and as such is very similar in appearance. EDX results can not

provide distinction between these three clays, as the same elements can be present

in all three structures. The assignment was therefore made through a combination

of the guidance of Dr. Fons Marcelisa, and comparison to the SEM micrographs

presented by Fesharaki et al..166

aResearch Geologist at Shell Global Solutions International B.V., Amsterdam, the Netherlands
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(a)

(b) (c)

Figure 7.7: Bandera Brown: Mica/vermiculite, smectite and kaolinite
Three low-vacuum SEM micrographs of regions which are proposed to predominantly be
mica/vermiculite. (a) is proposed to be entirely mica/vermiculite, and (b) and (c) are
proposed to be predominantly mica/vermiculite with smectite and kaolinite at their

centres respectively. These micrographs were originally shown in Figures 6.4, 6.8 and 6.9
in Chapter 6: Bandera Brown on pages 287, 290 and 290 respectively.
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Figure 7.8: Bandera Brown: Smectite
The low-vacuum SEM micrograph of smectite clay which was originally presented in

Figure 6.11 in Chapter 6: Bandera Brown.

7.3.1.4 Kaolinite

Kaolinite (Al2Si2O5(OH)4) was only observed in one low-vacuum SEM micrograph

of the Bandera Brown surface in Chapter 6: Bandera Brown, which was re-shown

in Figure 7.7c. Kaolinite was identified from this low-vacuum SEM micrograph

by its characteristic “booklet” structure shape; good examples of kaolinite booklet

structures imaged with SEM were published by Wilson et al.,116 and can be viewed

for comparison in reference 116.

7.3.1.5 Calcite

Calcite (CaCO3) was also only identified once in the low-vacuum SEM micrographs

of Bandera Brown in Chapter 6: Bandera Brown, which is re-shown in Figure 7.9.

In this case, the assignment of calcite was given due to the large feature’s striking

similarity to the step-like structures in the larger calcite crystallites found on the
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Estaillades and Indiana samples in Chapter 3: Carbonates. No examples or indeed

traces of calcite were found in the EDX data, as no Ca peak was detected for any of

the areas investigated. Calcite is however reported by Yesufu-Rufai et al. to make

up 7 % of Bandera Brown, so is not an unlikely mineral to identify on its surface.89

Figure 7.9: Bandera Brown: Calcite
A low-vacuum SEM micrograph of a large feature which is proposed to be calcite,

originally shown in Figure 6.6 in Chapter 6: Bandera Brown.

7.3.1.6 Hematite

Hematite (Fe2O3) was first identified from low-vacuum SEM micrographs where

small, spikey, star-shaped crystallites can be seen littered across the surface. Exam-

ples of hematite were also found in the EDX investigations, one of which is shown

in Figure 7.10b. Figure 7.10 compares two low-vacuum SEM micrographs; one of

a region where hematite appears to be present (Figure 7.10b), and one of a region

which appears to not have any hematite (Figure 7.10a). The associated EDX spec-

tra for Figures 7.10a and 7.10b are shown in Figures 7.10c and 7.10d respectively.
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These EDX spectra reveal that the region where hematite appears to be present,

Figure 7.10b, shows a more intense Fe signal, having a Fe:Al peak ratio of approxi-

mately 0.93:1, compared to the one which appears to not have any hematite present,

Figure 7.10a, which has a Fe:Al peak ratio of approximately 0.29:1. This greater Fe

content in the region shown in Figure 7.10b aligns with the assessment that hematite

crystallites are present across the surface.

7.3.1.7 Albite and Apatite

Albite (NaAlSi3O8) and apatite (Ca5(PO4)3F) were proposed as explanations for the

presence of Na and P respectively in the EDX results for some of the regions under

investigation. The relevant data from one of these areas is presented in Figures 7.11

and 7.12. Figure 7.11 shows a low-vacuum SEM micrograph, which from topography

alone appears to be a mica/vermiculite section with a small amount of hematite.

From the elements detected in the EDX results shown in Figure 7.12, the situation

appears to in fact be more complex, as Na and P would not be expected on a

mica/vermiculite and hematite surface.

The assignments of albite and apatite were proposed with reference to the list of

minerals in Bandera Brown presented by Yesufu-Rufai et al..89 Apatite is the only

listed mineral which contains P, so is an explanation for its presence in the EDX

spectrum. Of the minerals listed by Yesufu-Rufai et al. which contained Na, most

were clays with fairly even Si and Al compositions. The EDX results in Figure 7.12

however show that the Si content (Figure 7.12b) was most concentrated where the

Na was most concentrated (Figure 7.12c), but the Al distribution (Figure 7.12a) was

not more concentrated. The region where Na is most concentrated is highlighted
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(a) Vermiculite/mica (b) Hematite-covered

(c) EDX spectrum for the vermiculite/mica surface

(d) EDX spectrum for the hematite-covered surface

Figure 7.10: Hematite evidence in EDX results
Two areas of the Bandera Brown surface studied by EDX in Chapter 6: Bandera Brown;

(a) and (b) show two high magnification low-vacuum SEM micrographs of what are
proposed to be vermiculite/mica and hematite-covered surfaces respectively. The

associated EDX spectra for these areas are shown in (c) and (d) respectively. (a) - (d)
were originally shown in Figures 6.16a, 6.17e, 6.22a and 6.23e respectively.
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by a white circle in all the element distribution maps. Albite was therefore selected

as the only Si-rich Na-containing compound in Yesufu-Rufai et al.’s list, in order to

explain these variations.89

Figure 7.11: Bandera Brown: Albite and apatite locations - SEM micrograph
The low-vacuum SEM micrograph of the Bandera Brown surface previously shown in
Figure 6.25 in Chapter 6: Bandera Brown. Selected EDX results for this region are

shown once more in Figure 7.12.

As can be seen from the EDX spectrum in Figure 7.12e, both the Na and P

are present in very small quantities compared to the majority of the other elements

which were detected on the surface. There did however appear to be distinct hot-

spots in the distribution maps in Figures 7.12c and 7.12d, which could indicate

that these signals are not erroneous. These hot spots did not correlate neatly with

any of the features visible in the associated low-vacuum SEM micrograph shown in

Figure 7.11, which perhaps suggests that these minerals are present just beneath

the surface.
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(a) (b)

(c) (d)

(e)

Figure 7.12: Bandera Brown: Albite and apatite locations - EDX results
EDX data for an area of Bandera Brown originally shown in Figures 6.26 and 6.27 in

Chapter 6: Bandera Brown which shows signals for Na and P. These are proposed to be
indicators of the presence of albite and apatite. White guide circles highlight the
location where Na is most concentrated on all maps for ease of comparison.
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7.3.2 The composition of Bandera Brown

As touched upon in Chapter 1: Introduction, the literature provides conflicting

accounts as to the exact composition of Bandera Brown.89,98,182 For example, Gamal

et al. list only six, van den Pol et al. list nine, and Yesufu-Rufai et al. list 15 different

minerals in their reported compositions of Bandera Brown. All three are agreed

that quartz is the dominant component, citing 59, 87 and 58.89 % compositions

respectively, but the next most dominant listed by Gamal et al. is dolomite at 15 %,

unlike van den Pol et al. and Yesufu-Rufai et al. who list plagioclase at 4 and 16.41 %

respectively; Gamal et al. does not list plagioclase in their nine minerals at all, and

dolomite does not feature in van den Pol et al.’s six either.89,98,182 It is possible

that all studies are correct to an extent, and that the exact composition of Bandera

Brown varies from sample to sample. It is also likely that determining the exact

composition of such a complex rock is not trivial, and that mistakes are made in

resolving exactly which minerals are present. This is made particularly challenging

in the case of Bandera Brown, where a variety of minerals with identical elemental

compositions are present. For example, most clays which appear to be present in

Bandera Brown are primarily composed of Si, Al and O in varying ratios.89,98,124,182

Despite the conflict and the doubt around this information, a broad under-

standing of Bandera Brown can be drawn. Quartz is clearly likely to be the

most dominant component. A variety of clays are also present in all three re-

ports; the three reports are not agreed on all of these minerals, but kaolinite

(Al2Si2O5(OH)4), illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]), and chlo-

rite ((Fe, Mg, Al)6(Si, Al)4O10(OH)8) are all present in these three reports, at a
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variety of compositions.89,98,182

Based on low-vacuum SEM micrographs and EDX results, and guidance from Dr.

Fons Marcelis,a nine minerals were tentatively identified as present on the Bandera

Brown sample in Chapter 6: Bandera Brown, and were summarised in Table 7.3

(page 382). Table 7.4 lists these nine minerals once more, and indicates which of

the three reports from Gamal et al. van den Pol et al. and Yesufu-Rufai et al. also

found these minerals via XRD (Gamal et al. and van den Pol et al.) and BSE SEM

(Yesufu-Rufai et al.) analysis.89,98,182 From this table, it can be seen that eight out of

the nine minerals were also identified by one of these reports.89,98,182 As previously

stated, quartz and kaolinite were identified in all three reports. Albite is named

specifically in one report, and the generic classes to which it belongs is listed in

the other two reports. Smectite and calcite were identified in two out of the three

papers, and apatite, vermiculite and mica were only listed in one of the three papers.

The ninth mineral, hematite (Fe2O3) was not listed in any of these three papers,

but was identified by Dr. Fons Marcelis as being present in some of the low-vacuum

SEM micrographs. Iron is a common element in Bandera Brown, and as such it

is not improbable that an iron oxide would be present on the surface. Although

information relating to hematite on Bandera Brown specifically could not be found,

hematite has been found in the literature to be a common iron oxide precipitate

on iron-bearing sandstones,183,184 as well as being found to be naturally present

in small inclusions in K-feldspars, which were reported by both Gamal et al. and

Yesufu-Rufai et al. as being present in Bandera Brown.89,98,185 Additionally, the

EDX spectra of areas proposed to be covered with hematite had much higher Fe:Al

aResearch Geologist at Shell Global Solutions International B.V., Amsterdam, the Netherlands
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Mineral Gamal et al. van den Pol et al. Yesufu et al.

Quartz ✓ ✓ ✓

Mica ✓

Vermiculite ✓

Calcite (✓) ✓

Smectite ✓ ✓

Kaolinite ✓ ✓ ✓

Hematite

Albite ✓ ✓ ✓

Apatite ✓

Table 7.4: Bandera Brown minerals identified in SEM data compared to literature analyses
The nine minerals which were identified from low-vacuum SEM micrographs and EDX
data in Chapter 6: Bandera Brown, and which of the three reports from Gamal et al.

van den Pol et al. and Yesufu-Rufai et al. also found these minerals in their
analyses.89,98,182 “✓” indicates that the mineral was identified, no symbol indicates that
the mineral was not identified, and “(✓)” indicates that the mineral was identified in

trace amounts by the associated authors.

peak ratios than areas which appear to not have any hematite present. The data

from Chapter 6: Bandera Brown which shows this most clearly was re-shown in

Figure 7.10 (page 388), where the EDX spectrum for the surface proposed to con-

tain hematite shows an approximately 0.93:1 Fe:Al peak ratio, compared to the

EDX spectrum for the region proposed to contain vermiculite or mica showing an

approximately 0.29:1 Fe:Al peak ratio. Considering all of the information available,

hematite is still proposed to be a valid mineral assignment for the Bandera Brown

surface presented in Chapter 6: Bandera Brown.
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7.3.3 Mineral Relevance for PNM

Certain minerals on the Bandera Brown surface are anticipated to have greater rel-

evance than others when serving as inputs for PNM, depending on their abundance

and on their charge behaviour towards crude oil under different conditions. Below,

the minerals which were identified in the low-vacuum SEM micrographs and associ-

ated EDX analyses are discussed; the more relevant surfaces here are of particular

interest for topographical and surface charge mapping on the SICM for inputs in

PNM.

7.3.3.1 Clays

The clay minerals which were identified on the surface of Bandera Brown: mica,

vermiculite, kaolinite and smectite, are all expected to be of significance to PNM

of Bandera Brown systems, along with similar sandstone outcrop rocks. From the

literature, clays are estimated to make up 7 - 14.88 % of the Bandera Brown surface,

so represent a significant proportion of the sample.89,98,182 Additionally, as previously

mentioned in Chapter 4: Surface Charge Mapping, Section 4.2.2, clays are thought

to play a key role LSF due to their negatively charged surfaces and their interaction

with the crude oil.120,127 In high-salinity brines, the negative charges of the clay

and crude oil surfaces are shielded from each other by the abundance of positively

charged ions in solution, allowing the crude oil to remain in place within the rock.

At lower salinities however, the concentration of positive ions is insufficient to shield

the negatively charged surfaces from each other, and the crude oil is thus removed

from the rock surface.120 Kaolinite particles were also discussed (Chapter 4: Surface
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Charge Mapping, Section 4.2.1), due to their pH-dependent surface charge behaviour,

becoming predominantly positively charged at pHs below 6 - 6.5; a behaviour which

could be exploited in EOR.118,125 The relative abundance of clays on the Bandera

Brown surface, in addition to these environment-dependent behaviours exhibited by

them, ultimately mean that inputs such as topography and surface charge mapping

for clay surfaces are of key interest for PNM, not just for Bandera Brown, but for

all clay-rich outcrop rocks.

7.3.3.2 Quartz

Quartz is also expected to be of importance for accurate PNM of Bandera Brown

systems. Quartz has been found in the literature to be the most abundant mineral

on Bandera Brown, with proportions ranging between 58.89 - 87 %.89,98,182 Quartz,

like some clays, also exhibits pH-dependent surface charge behaviour, but with a

much greater skew towards negative charge; the point of zero charge being around

pH 2 - 3, below which a positive charge is observed.186,187 Although pH < 2 is

not expected to be encountered frequently in a reservoir environment, so this pH-

dependent positive/negative behaviour is not necessarily of interest, it should be

noted that the surface charge density of quartz builds slowly from pH 2 - 3 to pH

5 - 6, above which a higher magnitude of negative charge is observed, which may

play a role in the strength of surface/crude oil interactions across these pHs, which

could have implications for EOR techniques such as LSF.186,188 These considerations,

coupled with quartz being agreed in the literature as the most abundant mineral

in Bandera Brown, clearly demonstrate the importance of the study of quartz’s

topography and surface charge for PNM.89,98,182
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7.3.3.3 Calcite

Calcite, as shown in Table 7.4, is not consistently reported in the literature as being

present in Bandera Brown, however Yesufu-Rufai et al. reported 7 % calcite in their

sample.89,98,182 Additionally, a large structure was observed in the low-vacuum SEM

micrographs shown in this thesis (Figure 7.9, page 386), which appears to be a calcite

crystal. Understanding calcite’s environment-dependent surface charge behaviour is

of interest to a number of applications, however the dependencies which have been

identified are yet to be fully understood.189 Although changes in pH have been shown

to change the surface charge magnitude of calcite via zeta potential measurements,

the surface remains strongly positively charged, so this is not anticipated to be of

interest to EOR applications.189,190 Concentrations of certain additives however, for

example sodium polyacrylate (NaPA), have been shown in the literature to have a

notable effect on the surface charge of calcite, with additions of NaPA as low as 0.2 %

to calcite suspensions being reported as demonstrating a switch from the “default”

positive to a negative surface charge.190 Although the surface charge dependencies of

calcite would be of interest for understanding and modelling the carbonate outcrop

rocks studied in this thesis, it is likely that this is not an important mineral to

consider in PNM of Bandera Brown, given its low abundance.89,98,182

7.3.3.4 Albite

Albite, a plagioclase and alkali feldspar with the chemical formula NaAlSi3O8, was

assigned in the low-vacuum SEM work presented in this thesis due to EDX maps

showing a clear Na hot-spot alongside a Si hot-spot and the presence of Al.170 Gamal
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et al. report their Bandera Brown surface as containing 12 % albite; although not

specifically named by Yesufu-Rufai et al., they list plagioclases and alkali feldspars as

being present at 16.41 and 1.85 % respectively, and van den Pol et al. list plagioclases

as being present at 4 %, so the literature appears to be in agreement that this could

be a significant mineral for PNM studies of Bandera Brown.89,98 Albite has shown

pH-dependent surface charge behaviour in the literature, with a point of zero charge

around pH 4; below this the mineral exhibits a positive surface charge, and above this

a negative surface charge.191 The magnitude of this negative surface charge at higher

pH has also been shown to be reduced with increasing salt concentration, which

could also have useful applications in EOR.192 From these factors it is clear that

albite would be of interest for PNM of Bandera Brown systems, however locating a

region of albite on the surface of Bandera Brown with SICM mapping would pose

a challenge, as it does not have a distinctive shape, and was only observed in the

regions studied with low-vacuum SEM from the EDX analysis.

7.3.3.5 Hematite

Hematite was observed on the low-vacuum SEM micrographs of Bandera Brown

presented in this thesis, alongside EDX analysis showing a higher concentration of

Fe than would have otherwise not been expected. As mentioned in Section 7.3.2,

although hematite is not specifically listed as being present in Bandera Brown in the

literature, hematite has been reported in the literature as a common precipitate from

iron-bearing sandstones, as well as being naturally present in K-feldspars, which have

been reported as being present in Bandera Brown.89,98,183–185 Hematite, Fe2O3, has

also been shown in the literature to be reducible to magnetite, Fe3O4, under high
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pH and reducing conditions, which could explain the redox-dependent back-pressure

behaviour observed by Southwick et al. in Bandera Brown core flooding experiments

with HPAM.88,184,193 If an area of hematite crystals was therefore located on the

Bandera Brown surface with the SICM, it is likely that any information gathered

would be of importance to predicting fluid flow behaviour in Bandera Brown systems

using PNM.

7.3.3.6 Apatite

Apatite, like albite, was only identified in the regions imaged by low-vacuum SEM

via EDX analysis. The assignment of apatite, Ca5(PO4)3F, was given due to the

presence of a small P peak in the EDX spectrum, which could only be assigned to

apatite, as it was the only mineral reported as present in Bandera Brown in the

literature which contained P.88,89,98 As it was assigned from the EDX alone, not

from feature shape, it was not identified in the SICM topographical images. This

is however not deemed to be of importance, as it was only found in one report,

by Yesufu-Rufai et al., and at only 0.08 %;89 due to this lack of abundance, it is

unlikely that apatite has any significant effect on the behaviour of Bandera Brown

systems for the purposes of PNM.
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7.3.3.7 Summary

Overall, it is clear that there is no single set of conditions which yield an entirely

positive or negative surface charge on sandstone surfaces. For example, clays and

quartz exhibit positive surface charge behaviour at low pHs, whereas hematite re-

quires high pHs to be reduced to magnetite and exhibit more favourable conditions

for crude oil removal.88,118,125,186,187 Calcite, by contrast, remains positively charged

across the pH range.189,190 Depending on the relative abundances of the minerals on

a given sandstone surface, different EOR techniques would need to be employed to

exploit the surface charge-altering behaviours; there is unlikely to be a “one size fits

all” approach applicable to all sandstones. It is therefore key that mineral identifica-

tion is performed on the surface of sandstone samples, not just an assessment of the

morphology, prior to any PNM being carried out, to ensure accurate and relevant

data is collected.
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7.3.4 Topographical mapping with SICM

As summarised previously in Table 7.3 (page 382), only mica/vermiculite and smec-

tite clays were identified in the SICM topographical images taken of the Bandera

Brown surface. These minerals have relatively similar characteristics, all with fea-

ture sizes of 1 - 2 µm across, which fit well within the fields of view used during SICM

imaging. Of the minerals which were not identified during SICM imaging, two of

these, albite and apatite, were only identified from EDX data, so were not expected

to be possible to identify from the SICM topographical images. The other minerals

which were not identified by SICM were quartz, calcite, kaolinite and hematite.

The quartz, calcite and kaolinite structures which were identified in the low-

vacuum SEM micrographs were comparatively larger than those of the mica, ver-

miculite and smectite clays, being > 10, 50 - 90 and 3.5 - 4 µm across respectively,

which may have played a role in why they were not identified in any of the SICM

images, as these approach or exceed the fields of view used during SICM imaging.

If larger fields of view had been used during the SICM studies, calcite or quartz

could have been identifiable, but would not necessarily have been differentiable,

as they are both crystallites with smooth surfaces and edges. Kaolinite structures

have a distinctive “booklet” structure which would also have been identifiable if

one were successfully mapped with the SICM, and their being on the order of 3.5 -

4 µm across would have allowed them to be entirely captured within the larger

5 × 5 µm or 10 × 10 µm SICM fields of view. They were however not abundant

in the low-vacuum SEM micrographs for Bandera Brown presented in Chapter 6:

Bandera Brown, so it is possible that their absence from the SICM images is in part
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due to their rarity; the XRD data obtained by van den Pol et al., Gamal et al.

and Yesufu-Rufai et al. aligns with this assessment, each stating 3, 3 and 1.24 %

kaolinite compositions respectively in their Bandera Brown samples.

The spikey hematite crystallites visible in the low-vacuum SEM micrographs in

Figures 7.10b and 7.11 (pages 388 and 389) are estimated to be on the order of 400 -

600 nm across; these structures would therefore not necessarily be resolved in the

larger 5 × 5 µm or 10 × 10 µm SICM images, with pixel sizes typically 50 × 50

or 100 × 100 nm, but might have been identifiable in the smaller 2 × 2 µm SICM

images, with pixel sizes typically 25 × 25 nm, had they been imaged.

Overall, it is to be expected that the abundant minerals with feature sizes best

suited to the sizes of field of view and resolution limits used in the SICM, and

those least likely to cause the tip to crash, were the features which were captured

successfully in the SICM images of Bandera Brown.
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7.4 Ageing Studies

Chapters 5: Carbonate Ageing Studies, and 6: Bandera Brown, presented low-

vacuum SEM, AFM and SICM images of three artificially aged samples; calcite,

Estaillades and Bandera Brown. Calcite and Estaillades were selected of the four

carbonates investigated in Chapter 3: Carbonates, as calcite is a predominantly flat

sample and thus the most topographically “simple”, and Estaillades was the least

diverse of the three carbonates, having fewer different surface types than Ketton or

Estaillades. Bandera Brown was also aged and studied, as it presented both a more

mineralogically and a more topographically complex surface. As was established in

Chapters 5: Carbonate Ageing Studies, and 6: Bandera Brown, samples discussed

in this section which have been subjected to the ageing protocol are referred to as

“aged”, and samples which have not been exposed to crude oil and elevated tem-

peratures are referred to as “unaltered”.

Summaries of the surfaces types observed on these three aged materials using

low-vacuum SEM before and after mapping on the SICM are given in Tables 7.5

and 7.6 on pages 404 and 405. Aged calcite had the greatest diversity in surface

types, presenting four distinct regions across two different samples. Aged calcite

sample 1 was predominantly covered by spherical droplet structures 1 - 2 µm across,

which were either by themselves or in small clusters on an otherwise flat surface,

surface type 1, or formed larger agglomerates on the order of 10s of µm across which

obscured the flat surface beneath, surface type 2. Surface type 3 represented regions

of the aged calcite surface which did not have any droplets present, appearing to

reveal the topography of the calcite surface beneath. Aged calcite sample 2 presented
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one further surface type, surface type 4. Surface type 4 is similar to surface type

1, in that there are raised features present across an otherwise flat surface. These

features are however less rounded, with varied shapes and sizes around 1 - 4 µm

across.

Aged Estaillades and Bandera Brown in contrast did not appear to present any

diversity in their crude oil films. The rock surfaces themselves are rougher than

calcite, with greater height variations, a suggestion of which is visible beneath the

film. Despite the variation beneath, the crude oil films coating these complex to-

pographies are the themselves quite homogeneous, made up of evenly spaced droplet

structures which cover the surfaces fully. Tables 7.5 and 7.6 therefore describe only

one surface type each for the aged Estaillades and Bandera Brown surfaces.
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7.4.1 SICM and AFM imaging

A summary of the surface types which were identified in the SICM and AFM images

of aged calcite, Estaillades and Bandera Brown is presented in Table 7.7. In the case

of aged calcite, surface types 1 and 2 were identified in both the SICM and AFM

images; as these were the most common surface types observed on aged calcite 1, it

is not unexpected that they would be found by both scanning probe microscopies.

Aged Material Surface Type SICM AFM

Calcite

1 ✓ ✓

2 ✓ ✓

3

4

Estaillades 1 ✓ ✓

Bandera Brown 1 ✓ N/A

Table 7.7: Aged material surface types identified by SICM or AFM
A summary of the aged material surface types which were identified in the SICM and
AFM topographical images in Chapters 5: Carbonate Ageing Studies, and 6: Bandera
Brown. “✓” signifies that the surface type was identified in at least one image and no

symbol signifies that no examples of that surface type were identified.

Aged calcite surface types 3 and 4 on the other hand were not found during

either SICM or AFM imaging. Aged calcite surface type 3 was the least common

surface type observed on aged calcite 1, appearing very infrequently on the regions

investigated with low-vacuum SEM, so it is possibly a reflection of its relative rarity

that it was not found by the probe microscopies. Aged surface type 4 was the only

surface type identified on aged calcite 2. Aged calcite 2 was created to serve as a

reference for the post-SICM aged calcite 1 surface, to investigate whether the same

surface-altering effects would be achieved if the sample was merely left in air for a

few months. To this end, it was therefore not imaged with AFM or SICM. Although
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it is therefore perhaps not surprising that no examples of surface type 4 were found

in the AFM or SICM images, the row is included in this table to highlight that no

examples of surface type 4 were found on the aged calcite 1 in the low-vacuum SEM

micrographs or SICM and AFM images.

Aged Estaillades and Bandera Brown only had one identified surface type each

in the low-vacuum SEM micrographs. Both SICM and AFM were carried out on

aged Estaillades, and both successfully imaged the surface, showing feature sizes and

shapes similar to those seen in the low-vacuum SEM micrographs. As AFM had

already been utilised to validate the SICM images on the aged carbonate surfaces,

only SICM was carried out on the aged Bandera Brown sample; these experiments

also successfully yielded images of the surface, which aligned with what was observed

in the low-vacuum SEM micrographs.

7.4.2 Aged sample variability

The two aged Estaillades surfaces which were studied with low-vacuum SEM ap-

peared to be quite similar (Figure 7.13), despite being aged at different times. They

were however not identical; on the second sample surface the droplet structures were

further apart, unlike the first sample which appeared to be covered in a continuous

film of droplet structures. This difference might be the result of variations in film

thickness, or perhaps a difference in the exact number of days after ageing at which

the low-vacuum SEM micrographs were collected. Additionally, although the same

type of crude oil was used in both experiments, the crude oil used to age these two
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samples were from two different bottles provided by two different laboratories,a so

there may be some variation in the exact composition of the crude oil used in each

ageing process.

A greater difference is observed between the surfaces of aged calcite samples 1

and 2, highlighted by the low-vacuum SEM micrographs shown in Figure 7.14. On

the surface of aged calcite 1 (Figure 7.14a), the raised features present are all around

1 - 2 µm across and quite rounded in shape. The aged calcite 2’s surface on the other

hand (Figure 7.14b) has raised features with a greater variation in size, between 1 -

4 µm, and are a variety of shapes, some with sharp edges. It is possible that these

inconsistencies can be explained by two different crude oil sources being used, as

was suggested for Estaillades, and thus subtly different deposits are forming. When

the aged calcite 2 sample surface is compared to the aged calcite 1 sample after

imaging with the SICM, surface type 1 (Figure 7.14c), it can be seen that structures

of similar sizes and shapes are present on both surfaces. It is therefore proposed

that the inconsistencies between aged calcite 1 and 2 are the result, in part at least,

of different times elapsing between sample fabrication and characterisation.

The differences observed between these samples do cast doubt on the repro-

ducibility of the ageing procedure used in these studies; the procedure followed

was similar to the accepted procedures in the literature and those conducted by

researchers on the SDRP, although across the literature there are variations in du-

ration, temperature and the starting conditions of the outcrop rock core, which

are all likely to have an impact the resulting conditions for film topology, redox

aone provided by the Luckham group in the Department of Chemical Engineering, and the
other from the Blunt group in the Department of Earth Science and Engineering
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(a) Aged Estaillades 1

(b) Aged Estaillades 2

Figure 7.13: Reproducibility of ageing on Estaillades
Two low-vacuum SEM micrographs of aged Estaillades samples 1 and 2. (a) shows a
low-vacuum SEM micrograph of aged Estaillades 1 which fully encompasses the region

shown in Figure 5.23d in Chapter 3: Carbonates. (b) shows the low-vacuum SEM
micrograph of aged Estaillades 2 which was originally shown in Figure 5.24b in

Chapter 3: Carbonates.
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(a) Aged Calcite 1 (b) Aged Calcite 2

(c) Aged Calcite 1 post-SICM

Figure 7.14: Reproducibility of ageing on calcite
Two low-vacuum SEM micrographs of calcite samples 1 and 2, and a low-vacuum SEM
micrograph of surface type 1 on the aged calcite 1 sample post-SICM. (a), (b) and (c)

show the low-vacuum SEM micrographs shown in Figures 5.5b, 5.9a and 5.13b
respectively from Chapter 5: Carbonate Ageing Studies
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state and surface charge distributions.142–144 From these experiments alone it is not

possible to make any conclusive remarks about the reproducibility of this method;

further, more extensive studies would be required to understand the dependencies

and sensitivities of this procedure.

Two samples of Bandera Brown were also aged, however the surfaces which

were observed across both samples were very similar, with no differences of note

(Chapter 6: Bandera Brown, Section 6.3.1.1). With inconsistencies across the aged

Estaillades and calcite samples however, a more in-depth study is required to de-

termine whether these differences are due to air exposure time differences, subtle

differences in crude oil composition or perhaps a contamination issue. From the

limited data here however, it is not possible to draw any firm conclusions.

7.4.3 The impact of SICM imaging

On the aged calcite and Bandera Brown samples, alteration to the crude oil film

appeared to occur during imaging with the SICM, which is attributed to the 0.1 M

KCl(aq) electrolyte partially removing or altering the film at certain locations. This

observation is not unexpected, as brines of varying compositions and concentra-

tions are commonly used in oil recovery techniques such as the EOR technique of

LSF.119,120,126,127

The low-vacuum SEM micrographs which were taken after SICM imaging re-

vealed that the crude oil film had changed morphologically in places, most notably

on the aged calcite surface, which presented two new, distinct regions when com-

pared to the surface prior to SICM imaging (Figure 7.15). EDX revealed that one

411



of these surface types was rich in oxygen, whereas the other was not, unlike the

freshly aged sample which had an even distribution of oxygen on the surface. From

this information, it was hypothesised that the crude oil film had segregated into its

more and less oxygen-rich components. There was no Ca peak present, and therefore

there was no evidence of local thinning of the film to < 2 µm.83

Although the post-SICM crude oil film alteration was not as immediately obvious

on the aged Bandera Brown surface from the low-vacuum SEM micrographs alone,

as it was for the aged calcite, investigation with EDX showed that crude oil film

alteration had occurred (Figures 7.16 and 7.17). EDX mapping of the aged Bandera

Brown surface immediately post-ageing revealed only N and O signals from on the

surface. Subsequent EDX mapping of the aged Bandera Brown sample after SICM

characterisation revealed that additional elements were present, most notably Si was

detectable on the surface. Si is present in some minerals in Bandera Brown such as

quartz or clays, but is not expected from a crude oil film. As such, the Si signal

on the aged Bandera Brown surface after SICM characterisation is proposed to be

coming from the Bandera Brown rock itself, and is an indication of the local thinning

of the crude oil film such that the signal could be detected. The exposure of Si-

bearing minerals, which on Bandera Brown would imply the quartz or clay minerals,

by the 0.1 M KCl(aq) electrolyte aligns with the literature surrounding LSF. LSF has

been reported as effective and studied extensively on clay- and quartz-rich surfaces,

and so it makes sense that the presence of these minerals correlated with where

evidence of film-thinning was observed after exposure to a low-concentration salt

solution on the aged Bandera Brown surface.119,120,126,127,188 A detailed explanation
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of the mechanism of LSF on negatively-charged surfaces such as quartz and clays

can be found in Chapter 4: Surface Charge Mapping, Section 4.2.2.

The film alteration on the aged calcite sample can not be explained by chemi-

cal heterogeneity, as it is chemically homogeneous, and indeed the very chemically

similar aged Estaillades sample did not exhibit any clear evidence of crude oil film

alteration after SICM characterisation, so it is not likely that the alteration was

influenced by the surface chemistry. It is therefore proposed that the apparent film

segregation observed on the aged calcite surface was enabled by the relatively flat,

smooth calcite surface itself, allowing different components of the film to move across

the surface and agglomerate. The Estaillades sample by contrast is much rougher,

and so movement of crude oil components within the film would have been more

restricted; it is possible that a similar effect could be replicated on an Estaillades

sample, had it been immersed in the KCl(aq) for a longer period of time, but it is not

possible to draw any firm conclusions about the mechanism of this apparent film

segregation without further work.
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(a) Aged Calcite (b) Old Aged Calcite

(c) Aged Calcite post-SICM

Figure 7.15: Surface alteration of aged calcite
The three aged calcite surfaces examined with low-vacuum SEM; (a) the freshly aged
calcite surface, (b) the aged calcite surface left in air for a few months and (c) the aged
calcite surface which had undergone characterisation with SICM. These micrographs

were initially shown in Figures 5.9c, 5.18 and 5.14, pages 228, 240 and 235 respectively,
in Chapter 5: Carbonate Ageing Studies.

414



(a) Aged Bandera Brown

(b) Aged Bandera Brown post-SICM

Figure 7.16: Surface alteration of aged Bandera Brown: SEM
Low-vacuum SEM micrographs of the aged Bandera Brown surface (a) before and (b)

after SICM characterisation. (a) was originally shown as part of the overlay in
Figure 6.45 and (b) was originally shown in 6.59, both in Chapter 6: Bandera Brown.
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(a) Aged Bandera Brown

(b) Aged Bandera Brown post-SICM

Figure 7.17: Surface alteration of aged Bandera Brown: EDX
EDX spectra for the low-vacuum SEM micrographs shown in Figure 7.16, which

demonstrate the surface alteration before and after SICM imaging. (a) shows the EDX
spectrum for the freshly aged Bandera Brown surface, where only N and O signals are

present, whereas (b) shows the EDX spectrum for the aged Bandera Brown surface after
SICM characterisation, where N, O Si and S signals are all present. These spectra were

originally shown in Figures 6.53d and 6.61 in Chapter 6: Bandera Brown.
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In addition to the information from low-vacuum SEM and EDX experiments,

observations were made during characterisation with SICM which are proposed as

being the result of crude oil/electrolyte interactions. During the SICM experiments

on all of the aged samples, including Estaillades, it was found that the nanopipette

became blocked more frequently than during the experiments on the unaltered sam-

ples. The nanopipette was deemed to be blocked if the recorded current dropped

to 0 nA and remained at 0 nA. This blockage occurring more frequently for aged

samples is attributed to crude oil particles from the film coming off into solution

and physically blocking the nanopipette opening.

The SICM images which were successfully recorded of the aged surfaces had a

blurred quality to them, such that none of the features could be clearly resolved. This

can again be explained by the crude oil film partly coming off into the electrolyte

directly above the surface. This would have created local artificially lower K+ and

Cl- concentrations, which in turn would cause a current drop when the nanopipette

probed these regions. As a consequence of these local low concentrations of charge

carriers, the SICM probe would interpret that it had approached the sample surface

and be retracted too early. If this crude oil concentration was not perfectly uniform

above the surface, then this effect would only occur for some but not all pixels,

or to greater or lesser extents, thus the exact location of feature edges would be

obscured, causing a “blurring” to occur. An example SICM image of each of the

aged materials is shown below in Figure 7.18, which showcases this blurring effect

across all three samples.
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Despite this crude oil film alteration and blurring effect, the SICM images of the

aged materials shown across Chapters 5: Carbonate Ageing Studies and 6: Bandera

Brown did still depict surfaces with raised features approximately 1 µm across,

which align with the sizes of the droplet structures observed in the low-vacuum SEM

micrographs of these surfaces. In the aged calcite SICM images, some of the droplet

structures were observed as separated on a flat crude oil film, whereas others formed

agglomerates, consistent with patterns observed in aged calcite surface types 1, 2

and 4. The aged Estaillades and Bandera Brown surfaces did not show any clear

heterogeneity in the low-vacuum SEM micrographs, the entirety of both surfaces

being coated in a continuous film of droplets, without any flatter areas present in

between. The size and distribution of the droplet structures, along with the greater

height variation on these rocks are all observed in the SICM images. For example in

the SICM images in Figure 7.18, the SICM images for aged Estaillades and Bandera

Brown have height ranges of 0 - 10.99 and 7.02 µm respectively, compared to the

aged calcite image’s range of 0 - 5.50 µm. In light of these characteristics being

consistent with what was observed in the low-vacuum SEM micrographs, SICM is

still proposed to have successfully imaged these surfaces.
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(a) Aged Calcite (b) Aged Estaillades

(c) Aged Bandera Brown

Figure 7.18: SICM images of aged materials
SICM topographical images of (a) aged calcite, (b) aged Estaillades and (c) aged

Bandera Brown. These images were originally shown in Figures 5.44b and 5.48 from
Chapter 5: Carbonate Ageing Studies and Figure 6.55a from Chapter 6: Bandera Brown

respectively.
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7.5 Progress towards surface charge mapping

Over the past decade, a number of methods for surface charge determination using

SICM have been developed; an overview of which can be found in Chapter 1, Sec-

tion 1.2.4.29,41,59,60 The surface charge mapping mode installed on the SICM in the

laboratory was based on the pulsed-potential SICM method reported by Page et al.,

which adds a pulse in the applied bias to a different bias at the top and bottom

of each hop, while the current response is recorded.29 The parameters are selected

such that the pulse occurs inside and outside of the DDL, and so the difference

between the current responses is dependent on the local surface charge beneath

the nanopipette.29 A more detailed explanation of this method was presented in

Chapter 1, Section 1.2.4.2.

As the method installed on the SICM for determining surface charge was based on

Page et al.’s experiments, their reference sample of a polystyrene film on a glass slide

was selected to test that the setup was working as expected, and from low-vacuum

SEM and AFM imaging the sample appeared to have been replicated successfully,

with the expected features.29

Unfortunately, surface charge mapping on the SICM was not successfully per-

formed in the laboratory prior to the project concluding. This was in part due to

time constraints; the update to the software allowing for the different pulses at the

top and bottom of each hop was delayed numerous times, and ultimately was only

installed as the project was reaching its conclusion, giving limited time for experi-

ments to take place. Additionally, although efforts were made to find a location on

the polystyrene film where the glass beneath was exposed, no appropriate area was
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located on the SICM during the imaging sessions devoted to this sample.

One area of the polystyrene film, successfully topographically imaged on the

SICM, appeared to show a dent in the surface which was approximately 100 nm

deep; this aligned with the thickness of the polystyrene film observed on Page et al.’s

sample, and was therefore expected to reveal the glass surface underneath.29 This

area, re-shown in Figure 7.19, was then imaged using the pulsed-potential method

to generate a current response map of the area. The current response map for this

region, Figure 7.19a, however showed no notable variation in current response, even

around the area which was expected to reveal the glass beneath.

(a) (b)

Figure 7.19: Polystyrene on glass: SICM pulsed-potential attempt
The area imaged by pulsed-potential SICM, originally shown in Chapter 4: Surface

Charge Mapping, Sections 4.3.2.3, page 212. (a) shows a plot of the differences between
the current responses at the top and bottom of each hop, and (b) is the topographical

map for the same area collected simultaneously.

Page et al. observed a current difference of around 0.07 - 0.09 nA between the

polymer film and the glass surface. The region on the current response map which

aligns with the dent in the topographical map in Figure 7.19 showed a difference of

only 0.01 nA between what was thought to be the polystyrene film and the glass
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surface. This is not deemed to be significant, as it is not as large an increase as

was observed by Page et al., and also this difference can be observed on other

regions of the current response map, in areas which are not associated with a dent

in the surface. Three height and current response profiles showcasing this are shown

across Figures 7.20 and 7.21. The lines 1 - 3 are labelled on the current response and

topographical map shown in Figures 7.20a and 7.20b, with the associated current and

height profiles overlain for each line in Figures 7.20c, 7.21a and 7.21b respectively.

Line 1 crosses the region with a 75 - 100 nm deep dent, and as shown in the

current profile in Figure 7.20c, a small increase in the net current response of 0.01 nA

is observed in the same place. Line 2 crosses a raised feature on the polystyrene film

around 75 nm high, and also shows an associated increase in net current response

of 0.01 - 0.015 nA. Line 3 crosses a relatively flat region of the film, with a height

variation of < 10 nm; a spike in the net current response of 0.015 nA is also observed

at this location. It therefore seems likely that the small increase in net current

response which aligns with the dent is a coincidence, and not evidence of the glass

surface; the polystyrene film at this location is therefore likely to be > 100 nm

thick, such that the observed dent is just a dent in the polystyrene film, and not

a hole revealing the glass surface. No other region of the surface was found with

topographical mapping on the SICM which met the critereon for being a good

contender for surface charge mapping prior to the conclusion of the project.
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(a) Current Response Difference (b) Topography

(c) Line 1

Figure 7.20: Polystyrene on glass: current response variations - Part 1
(a) and (b) show the same current response difference map and topographical map

shown in Figure 7.19, with three lines labelled 1 - 3 indicated three net current response
and height profiles of interest. (c) shows the two profiles for line 1 across two separate

y-axes. Associated profiles for lines 2 and 3 can be found in Figure 7.21.
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(a) Line 2

(b) Line 3

Figure 7.21: Polystyrene on glass: current response variations - Part 2
(a) and (b) show the profiles for lines 2 and 3 labelled in Figure 7.20 respectively, the net
current response and topography for the same pixels shown overlain using two different

y-axes.
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Although disappointing, the lack of varied current response across the section

of the surface imaged using the pulsed-potential method did at least align with the

hypothesis that the raised structures seen in the AFM and SICM images across

Chapter 4: Surface Charge Mapping, Sections 4.3.2.2 and 4.3.2.3, and again in

Figure 7.19b, were polystyrene nanostructures on top of a flat polystyrene film, and

that the dents visible in these images are therefore dents in the film, and not dents in

the glass. If what had been observed was instead polystyrene nanostructures sitting

on the bare glass slide for instance, which was a possibility, then there would have

been a charge difference between the raised structures and the flat surface in the area

selected for pulsed-potential SICM mapping, which was not observed. Everything

within the field of view in Figure 7.19b had the same surface charge, and as such it

is likely to consist of one material, which we assume to be polystyrene.
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Chapter 8

Future Work

Chapter 4: Surface Charge Mapping described the progress which has been made

thus far in establishing the SICM surface charge mapping mode in the laboratory

at Imperial. Although AFM has also been shown in the literature to be able to

provide surface charge maps,70,71 SICM was chosen for this work due to it being

shown in Chapter 3: Carbonates to be better suited to the topographical mapping

of the rough outcrop rock surfaces.

A variety of wettability-related phenomena, observed in the literature in studies

of reservoir and outcrop rocks, which have been proposed to be the result of sur-

face charge heterogeneities, and their apparent ability to be altered under certain

conditions, have yet to be mapped directly with a surface charge mapping tech-

nique.88,89,118–120,125 There is therefore great potential for surface charge mapping on

the SICM to contribute to the field of oil and gas recovery. As discussed in Chapter 4:

Surface Charge Mapping, these applications were: 1) the enhancement of molecular

modelling of fluid droplets on surfaces, 2) the mapping of the pH-dependency of
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the surface charge polarity on certain clay surfaces, 3) the visualisation of charge

magnitude changes in the iron-bearing minerals on a Bandera Brown surface before

and after a reducing agent is added, 4) the investigation of a variety of low-salinity

brines and their effects on local surface charge magnitudes, and 5) the mapping of

the same surface under organic and aqueous electrolytes to investigate any impact

on the magnitude or polarity of local surface charges. Practical considerations, in

addition to any anticipated limitations of these proposed experiments are discussed

below.

8.1 Integration with modelling

Zheng et al., as part of the SDRP, carried out work where they performed approx-

imated molecular modelling of the behaviour of an n-decane droplet on a Ketton

surface which was re-constructed from an AFM image.23 The AFM image in question

showed a small field of view, only 483 × 483 nm, so an accurate identification of the

surface type is challenging, however given the apparent sub-micron diameters of the

particles and their irregular shape, see Figure 1 in reference 23, it appears that one

of the ooid grain shell surfaces, Ketton surface type 3, 4 or 6, was mapped.23 This

aligns with the work in this thesis, as ooid grain shell surfaces were the only surfaces

successfully mapped in the AFM studies of Ketton. It is proposed that modelling

work such as the experiments carried out by Zheng et al. could be enhanced by using

an SICM image of a Ketton surface where a simultaneous surface charge map had

also been performed.23 This would unfortunately come at the expense of resolution;

the pixels in the AFM image in Zheng et al.’s study being 0.236 × 0.236 nm in
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size, whilst the smallest pixel size in the SICM images of Ketton reported in this

thesis was 25 × 25 nm.23 The extra information from SICM surface charge mapping

could however allow for even more accurate modelling of fluid behaviour, as real,

experimentally determined values of surface charge could serve as inputs for each

pixel on the reconstructed surface.

8.2 Additives

In order to map the pH-dependency of the surface charge heterogeneities of certain

clay particles, or the change in oxidation state of the iron-bearing minerals in Ban-

dera Brown under oxidising and reducing conditions, an additive would be required

to be introduced between two surface charge maps of the same region. The use of

additives would be relatively straight forward to integrate with the SICM setup, as

the sample, electrodes and electrolyte could be predominantly left in place whilst

the additive was introduced. Once the additive had diffused through the electrolyte,

perhaps with the aid of a syringe, collection of the next surface charge map could

proceed with relative ease.

8.2.1 Kaolinite

Kaolinite clay booklets, which were observed on the Bandera Brown surface (Fig-

ure 8.1), have been hypothesised in the literature to have pH-dependent surface

charges, but this has yet to be directly mapped and proven.118,123 If a kaolinite

booklet were located using SICM on a Bandera Brown surface, or indeed another

surface where kaolinite is known to be present, then surface charge mapping could
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be performed at the same position, above the booklet, in both a low and high pH

environment. Additives such as NaOH(aq) or HCl(aq) could be used to tune the pH,

as these were previously used in the literature by Hu et al. for their pH-dependent

behaviour investigations on kaolinite suspensions.123 Tombàcz and Szekeres later

found that the pH at which the charge polarity on certain kaolinite faces appears to

change is around 6 - 6.5.118 Above pH 6 - 6.5 the entirety of the booklet surface is

hypothesised to be negatively charged due to the unbound O atoms on the surfaces,

but below pH 6 - 6.5 the excess protons in solution were proposed to be drawn to

the SiO- faces, causing a positive charge to build up on one of the booklet faces.

The diagram illustrating this from Chapter 4: Surface Charge Mapping is shown

once more in Figure 8.2 for reference, where the orange faces in the pH < 6 - 6.5

diagram indicate the SiO- surfaces which bind to the excess protons, and the green

face which remains negative represents the alumina surface of the kaolinite booklet.

Figure 8.1: Bandera Brown: Kaolinite
A high magnification low-vacuum SEM micrograph of a kaolinite booklet on the Bandera
Brown surface, originally shown in Chapter 6: Bandera Brown, Figure 6.9, page 290. A

section of this image is also shown in reference 99.
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Figure 8.2: Kaolinite surface charge pH-dependency
A diagram of the proposed kaolinite booklet surface charge distributions and how they
change with pH, previously shown in Chapter 4: Surface Charge Mapping, Figure 4.1b,

redrawn from reference 118.

The required additives for these pH-dependency experiments, HCl(aq) and NaOH(aq),

are not anticipated to introduce increased obstruction of the nanopipette opening;

the only new ion to the KCl(aq) system would be the Na+(aq) cation, which has a hy-

dration radius of 2.3 Å; this is smaller than the Cl-(aq) anion already present, which

has a hydration radius of 3.2 Å.75 The relative rarity of kaolinite clay booklets on the

Bandera Brown surface, however, will likely pose a challenge to these experiments;

the proportion of kaolinite in Bandera Brown reported in the literature is between

1.24 - 3 %.89,98,182 Locating a kaolinite booklet on the surface of Bandera Brown

on the SICM would therefore most likely be a result of extensive trial and error, so

it is proposed that a sample more rich in kaolinite should be investigated initially,

to first attempt to prove the hypothesis around kaolinite’s pH-dependent surface

charges,118,123 before attempting to locate one on Bandera Brown. Berea, another

sandstone outcrop rock which was investigated by the SDRP, has been reported

as having twice the amount of kaolinite as Bandera Brown, being composed of 6 -

7 % kaolinite, so this could be a better outcrop rock to use initially.98,182 Regard-

less of the success on a sandstone outcrop rock surface, proving this hypothesised
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pH-dependent behaviour on a model surface would still generate interest not only

in the field of oil and gas extraction research, but also more widely in geology.118,123

8.2.2 Redox-active iron-bearing species

The oxidising and reducing conditions required to investigate the redox behaviour

of the iron-bearing minerals in Bandera Brown could also be generated through the

use of an additive. Southwick et al. used erythorbic acid in their experiments to

perform what they propose is a reduction of the Fe 3+ regions to the Fe 2+ oxidation

state.88 Following on from this work, erythorbic acid could be used an additive in

SICM surface charge mapping experiments; once a surface charge map had been

collected of an area thought to possibly contain Fe-bearing minerals in a 0.05 M

KCl(aq) electrolyte, the erythorbic acid could be added and allowed to diffuse. A

second surface charge map could then be collected of the same region, hopefully

allowing for the visualisation of what would be expected to be a lower magnitude

positive charge on the iron-bearing areas.

Any introduced additive may interfere with the measurement, as was observed

during SICM mapping of the artificially aged surfaces where the crude oil film caused

a blurring effect in the images. Erythorbic acid (Figure 8.3) is not as large a molecule

as the long chain hydrocarbons present in crude oil, and is unlikely to completely

block the nanopipette, but it is larger than the ions typically present during an

SICM scan. It is therefore possible that erythorbic acid may temporarily partially

obstruct the opening, impeding the flow of ions into the nanopipette, affecting the

ability of the SICM to image the surface faithfully.
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Figure 8.3: Chemical structure of erythorbic acid

Unlike the kaolinite booklets previously discussed, which have a distinctive shape

which is expected to be readily identifiable in SICM topographical images, it is not

known which minerals will give rise to the Fe redox behaviour which is hypothe-

sised by Southwick et al., and so selecting a location on the Bandera Brown surface

upon which to perform these redox-probing experiments will prove a challenge.88

One approach to these investigations could be to search for hematite-rich locations;

as hematite (Fe2O3) has been shown in the literature to be reducible to magnetite

(Fe3O4) under high pH and reducing conditions.184,193 The reducing agent could

therefore be used with and without a base such as NaOH to provide a high pH to see

if this hematite reduction could be replicated on the Bandera Brown surface.88,184,193

The < 1 µm hematite crystals observed in the low-vacuum SEM micrographs pre-

sented in Chapter 6: Bandera Brown, an example of which is re-shown in Figure 8.4,

would not be expected to be readily discernible on a lower resolution scan, so a nar-

row field of view such as 2 × 2 µm and around 25 × 25 nm pixel size would need to

be selected to search the sample surface for these structures.

Should the erythorbic acid successfully reduce the iron-bearing minerals on the

Bandera Brown surface, interference with the imaging may arise from the presence

of Fe 2+, which is more soluble than Fe 3+ in water. If the surface of interest is

itself partially dissolving, this will likely render the surface difficult to map, and
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Figure 8.4: Bandera Brown: Hematite
A high magnification low-vacuum SEM micrograph of a region of the Bandera Brown
surface covered with star-shaped hematite crystals, originally shown in Chapter 6,

Figure 6.12, page 293.

the Fe 2+(aq) could also disrupt the DDL and thus the surface charge mapping

process.184 As demonstrated in Chapter 4: Surface Charge Mapping, Section 4.3.1,

the use of organic electrolytes in air in the SICM is possible, so if the Fe 2+ dissolving

in the aqueous electrolyte did cause issues for surface charge mapping, an organic

electrolyte could perhaps be utilised instead of an aqueous electrolyte to perform

these experiments. This would best be approached by first mapping the surface

in the aqueous environment before changing the electrolyte entirely, the method

for which is described below in Section 8.3, where the chamber would be flushed

and allowed to dry in between mapping the surface in both aqueous and organic

electrolytes.

Despite the anticipated challenges to these experiments, the results could be of

great importance in the field of oil and gas recovery research. Typically, fluid flow

experiments on reservoir rocks conducted in most laboratories, such as micro-CT
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experiments, are conducted in air, and thus oxidising conditions. If it were shown

directly through surface charge mapping on the SICM that certain components

on some rock surfaces were redox active, alongside additional work demonstrating

different wettabilities depending whether the rock is exposed to reducing or oxidising

conditions, these experimental methods would need to be re-thought. It is generally

thought that oil reservoirs are reducing environments, due to the presence of oil

and the lack of oxygen brought about by the depth at which these systems sit

below the earth’s surface. As such, if reducing/oxidising conditions were shown

to be of importance, experiments modelling the flow of oil through reservoir rock

in laboratories would require a reduction step to ensure that the minerals on the

surface were in the correct state for accurate measurements to be obtained.

8.3 Changing electrolytes

The proposed avenues of research to investigate the LSF effect by carrying out

surface charge maps in different composition brines, and to investigate any potential

surface charge alterations which occur when swapping between organic and aqueous

electrolytes, would not be as trivial as the work which requires the use of an additive.

The requirement to fully swap the electrolyte whilst maintaining the position of the

probe and sample adds layers of difficulty which are discussed below.

To increase the likelihood of being able to map the same area of the sample

before and after swapping electrolytes, the sample and probe need to be moved

as little as possible during electrolyte exchange. To maintain the position of the

sample, a sample holder similar to that used by Dr. Sherifat Yesufu-Rufai in her
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AFM experiments as part of the SDRP would need to be employed.89,99 Her setup

consisted of a stainless steel petri dish, with the sample fixed in the centre. This

petri dish had fluid inlet and outlet ports on opposite sides, such that the sample

chamber could be flushed and the fluid replaced between experiments whilst keeping

the sample in place. Figure 8.5 shows a diagram illustrating this process. Each time

the fluid was replaced, the sample holder was flushed with 10x the volume of the

chamber with the new fluid before closing the port taps.89,99 This extensive flushing

resulted in a full removal of the previous fluid prior to the next experiment.

Figure 8.5: Petri dish design for swapping electrolytes between scans
Diagram illustrating the petri dish design and method of fluid replacement used by Dr.

Sherifat Yesufu-Rufai on the SDRP to swap solutions between AFM experiments
without moving the sample. Drawn with inspiration from references 89 and 99.
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8.3.1 Low salinity flooding

In the case of the LSF investigations, a similar sample holder to the one shown in

Figure 8.5 would probably work well for surface charge mapping on the SICM in dif-

ferent composition/concentration brines.89,99 In these experiments, particularly for

when only the concentration is changed, it may be possible to leave the nanopipette

probe in place, and not change the electrolyte inside the nanopipette. Instead, prior

to imaging, the nanopipette could be left immersed in solution above the sample

surface and allowed to equilibrate with the bulk solution, as this would be expected

to have a negligible effect on the overall concentration of the electrolyte. It is not

possible to remove the electrolyte from the nanopipette and replace with a new

one, so to change the electrolyte in the nanopipette, the nanopipette itself must be

replaced; the potential pitfalls of this method are discussed below.

8.3.2 Aqueous vs organic electrolytes

Switching between aqueous and organic electrolytes is expected to be less straight-

forward than changing brines. If the sample was placed in a sample holder similar

to that shown in Figure 8.5, and were imaged in an aqueous electrolyte, subsequent

flushing through with an organic electrolyte would not necessarily remove the en-

tirety of the aqueous electrolyte, particularly if there were any hydrophilic regions

on the sample surface. It is therefore possible that a drying period would perhaps be

required between imaging sessions with the two different electrolytes. For example,

after imaging the surface under an aqueous electrolyte, the sample could be flushed

with distilled water to remove any salt, and then emptied of fluid entirely to allow
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the sample to dry. Once dried, the sample could then be immersed in an organic

electrolyte for subsequent surface charge mapping. This drying step would add con-

siderable time to the experiment, but it is probably unavoidable when ensuring that

the sample is free of the previous electrolyte.

In order to change the electrolyte from aqueous to organic or vice versa, the

nanopipette probe would require replacing with a new nanopipette, filled with the

new electrolyte. Even if it is assumed that the nanopipette holder would be fitted

back into the exact same positionon the nanoscale as it was for the previous scan

in the SICM set up, which in itself is unlikely, not all nanopipettes made by the

same method are identical. Some do not pull fully symmetrically, and the exact

size of the opening does vary somewhat. This is demonstrated in Figure 8.6, where

optical microscopy images of two nanopipettes, with openings estimated at 45 nm,

pulled from the same capillary pack under identical conditions are presented. White

dotted lines on the figures indicate the position and orientation of the centre of the

tips, demonstrating how the centre of the tip does not always align with the centre

of the capillary. Although this asymmetry is not of importance during routine

topographical and surface charge mapping experiments, when attempting to make

direct comparisons on the same region of a sample with two different nanopipettes,

they prove a notable stumbling block. It is therefore likely that when the new

probe approaches the sample in a new electrolyte, that the exact location will have

changed.

With these limitations in mind, two approaches could be adopted. One approach

would be to carry out significantly larger topographical maps on the SICM, on the

437



(a)

(b)

Figure 8.6: Asymmetrical pulls on nanopipettes
Two optical microscope images taken of nanopipettes with tip openings estimated at
45 nm. White dotted lines show the centre of the nanopipette tip, and how it does not

fully align with the centre of the capillary.
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order of 50 × 50 µm to 100 × 100 µm, prior to surface charge mapping on a smaller

area within that region. When setting up a scan in the second electrolyte, a large

topographical scan could be performed once more, with the hope that even if the

nanopipette position has moved slightly relative to the sample surface, these large

topographical maps in both electrolytes would overlap, allowing for the relocation of

the area previously investigated with surface charge mapping. The other approach

would be to accept that it is improbable that the same location will be able to

be imaged under two different electrolytes, and as such conduct numerous surface

charge maps across the surface in each electrolyte. This approach would seek to

gather surface charge information on a range of surface types in both electrolytes,

which could then be placed into categories using the simultaneous topographical

maps and low-vacuum SEM images, akin to the correlative approach for SICM

image validation presented in this thesis. The maps which would be identified from

the same surface type in different electrolytes could then be compared.

In spite of these anticipated difficulties, the results from these experiments have

the potential to be of great use to the field of oil and gas recovery, hence they

should be attempted. Being able to directly visualise surface charge alterations as a

consequence of changes in environment could provide new inputs and improvements

for molecular and pore-scale modelling of reservoir rock networks, feeding upwards

into reservoir modelling, and thus delivering improved oil recovery yields through

an increased understanding of EOR.
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8.4 Bandera Brown surface heterogeneity insights

Regardless of the specific application, there would be a clear benefit of simultaneous

surface charge mapping with topographical mapping on the SICM for studies on

Bandera Brown. In the low-vacuum SEM EDX experiments described in Chapter 6:

Bandera Brown, initial inspection of the low-vacuum SEM micrographs did not

always give the full picture of the mineral distributions on the surface, one such

example being re-shown in Figure 8.7. From the SEM micrograph in Figure 8.7a, the

surface appears to be a clay surface, predominantly mica/vermiculite, with perhaps

a few hematite crystallites across the surface. The element distribution maps in

Figures 8.7b - 8.7d shed light on the heterogeneity that exists which is not evident

from the topography alone, showing the distributions for Al, Fe and Si respectively.

As can be seen from the EDX spectrum in Figure 8.7e, Mg, O, C, K and Na were

also identified in this region, but maps for these are not re-shown, as Al, Fe and Si

were deemed best suited to showcasing the heterogeneity on the surface. Maps for

Mg, O, C, K and Na can be found in the original Figures 6.19 and 6.20 on pages

300 and 301 in Chapter 6: Bandera Brown.

Looking at the Si map in Figure 8.7d, there are clear hot-spots across the surface

which are Si-rich; this would not be expected from a surface that was entirely one

type of clay, so there must be mineralogical heterogeneity present. Three of the

larger of these hot spots on the Si map are circled, with circles at the same locations

shown on the Fe and Al distribution maps, as well as the SEM micrograph. Looking

at these highlighted regions, it can be seen that highest Si concentrations appear at

the same locations as low concentrations of Fe and Al. This would not be expected
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(a) (b)

(c) (d)

(e)

Figure 8.7: Bandera Brown: EDX results showing hidden heterogeneity
A selection of the EDX results originally shown in Figures 6.19 and 6.20 in Chapter 6:
Bandera Brown. (a) shows the low-vacuum SEM micrograph for the region, (b) - (d)
show the associated Al, Fe and Si distribution maps and (e) shows the associated EDX

spectrum. Distribution maps for Mg, O, C, K and Na are not re-shown.
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from an entirely clay-covered surface, so these hot spots are instead proposed to

be quartz (SiO2). From the low-vacuum SEM micrograph alone, this surface was

proposed to be predominantly mica/vermiculite, but with the extra information

from EDX, it is found that quartz is also present.

A situation analogous to this SEM/EDX example could be found through simul-

taneous topographical and surface charge mapping on the SICM. The mineralogical

distributions on the Bandera Brown surface at these < 5 µm length scales can not

always be resolved from the topography alone. Additionally, as the fields of view

are not always large enough to capture the full particle, or the resolution may not

be fine enough to accurately determine the shape, surface charge mapping may pro-

vide insights to allow for mineral identification. Although surface charge mapping

would not necessarily allow for such clear identification of minerals, as was the case

for quartz in the example in Figure 8.7, a surface charge map alongside a SICM

topographical map would still provide a means to gauge the heterogeneity of the

surface under investigation. If the entirety of the surface showed the same surface

charge, this could be indicative of the presence of only one mineral. If however cer-

tain regions showed charges distinct from the rest of the surrounding region, then

that would imply that there was a pocket of another mineral present, and allow for

more accurate mineral assignment of the regions mapped with SICM.
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8.5 Integration of other techniques

The workflow put forward in this thesis, incorporating low-vacuum SEM and EDX,

AFM and topographical and surface charge mapping on the SICM could be further

enhanced by the addition of other nanoscale microscopies and spectroscopies, par-

ticularly those which might shed light on the nanoscale chemical heterogeneity of

the sample of interest; this would be of particular use for materials like Bandera

Brown, which contain a wide range of elements and minerals.

One such technique which could enhance the SEM, AFM, SICM workflow could

be transmission X-ray microscopy (TXM). In a TXM experiment, x-rays are trans-

mitted through a sample up to 10 µm thick, over an area on the sample surface

around 10 to 30 µm across.194–196 While traversing the sample, these x-rays will

interact with the electrons in the bulk material, changing the angle at which the

x-rays exit the material, their energy and their intensity; these properties are then

recorded by a detector on the other side of the sample from the x-ray source.194–196

From the gathered x-ray information, 2D and 3D maps of nanoscale structure, crys-

tal grain orientation and charge distributions can be determined with < 100 nm

resolutions.194–196 TXM could be of particular use for the enhanced investigation of

Bandera Brown samples, providing crystallographic information as well as charge

information which could be used to determine the oxidation state of the iron-bearing

minerals after exposure to different conditions.194

X-ray photoelectron spectroscopy (XPS) could also provide additional informa-

tion to the SEM, AFM, SICM workflow, which is unlike TXM in that it investigates

just the top few nanometres of a surface of interest, and not the bulk sample.194,195,197
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In XPS, X-rays are instead used to probe the sample surface, knocking out char-

acteristic photoelectrons, which can be used to determine not only the elemental

composition of the surface, but also the oxidation state of the elements present.197

XPS would again be of particular interest to studies on Bandera Brown, as this

could enable the study of surface iron oxidation states before and after a reduction

step, to categorically show whether the hypothesised Fe-redox behaviour proposed

by Southwick et al., described in more detail in Section 8.2.2, does indeed occur.88

Another powerful technique which could contribute to the workflow is AFM-

based infrared spectroscopy (AFM-IR), where an infrared (IR) laser probes the

sample of interest below the scanning AFM probe tip, which in turn acts as a local

IR absorption detector.198–200 This coupling of techniques allows for IR spectroscopy

to be performed at the spatial resolutions achievable by AFM, which depending on

the set up can be atomic resolution; this is considerably below the resolution limit

of a standard Fourier-transform IR spectrometer, of around 1 µm.200,201 In turn,

this coupling enhances the AFM topographical mapping, by providing simultane-

ous chemical analysis.200 AFM-IR could add value to the workflow put forward in

this thesis, particularly in further studies of crude oil films on outcrop rocks. For

example, in the aged calcite studies in Chapter 5: Carbonate Ageing Studies, it

appeared that after SICM imaging, the crude oil film on the calcite surface had

segregated into oxygen-rich and oxygen-poor components (Figure 5.15, page 237),

however there was insufficient information to draw any firm conclusions. The use of

AFM-IR on these surfaces could provide invaluable information to clarify whether

there was a difference in the chemical composition of these two film topographies.
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Chapter 9

Conclusions

SICM was found to be a suitable tool in the mapping of four outcrop rocks: Ketton,

Estaillades, Indiana and Bandera Brown. Comparison with low-vacuum SEM and

AFM images provided validation of the size and shape of the features which were

observed in the SICM images, but also added extra insight.

The low-vacuum SEM micrographs in themselves added to what was already

present in the literature. Reports showing SEM micrographs of these reservoir rock

materials were commonly either performed at low magnification, or on materials

which had been set in resin or coated such that the topography was partly obscured.

Even if high enough magnification SEM micrographs were presented which could

have visualised the micron-level heterogeneity, reports typically showed only one or

two surface types. The work presented in this thesis provides a suite of low-vacuum

SEM micrographs on four outcrop rocks, without polishing, coatings or resins, at

high magnification, showcasing the range of surface types present at the micron and

sub-micron scales. This method of defining surface types from low-vacuum SEM
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micrographs also provided an invaluable framework with which to understand the

smaller SICM and AFM images on each material, and how these images fitted into

the bigger picture.

AFM imaging provided an SPM comparison for the SICM images, allowing for

the assessment of feature sizes and heights recorded in the SICM, and subsequently

validating the SICM as a suitable SPM for studying these materials. In comparing

these images, it was found that the SICM was possibly a more suitable tool than

AFM for studying these materials. The SICM being better suited to these outcrop

rocks is proposed to hinge on two key factors. The significantly faster scan speeds

and smaller hop heights used to obtain the AFM images in this thesis compared to

the SICM images, meant that the sharp feature height changes in these materials

were not fully resolved, as the tip could not respond fast enough, causing a blurring

of feature edges. The other factor is possibly that the AFM probe tip itself was

considerably shorter than the SICM probe tip, and so could not reach into the pores

on the surface; this left the AFM set up used in these experiments unable to image

the same range of surface types present on these materials as the SICM. Some of

these issues might have however been resolved if more time had been dedicated to

AFM imaging, slower scan speeds used, and if cantilevers with longer tips had been

sourced for the project, to access the more recessed features in the surface.

This work also presented the novel mapping of a surface under an organic elec-

trolyte in the SICM in air, which is not only useful for the study of outcrop rocks,

but has the potential to be of benefit in other disciplines. The successful use of

the SICM for topographical characterisation of these materials in both aqueous and
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organic solvents opens up multiple avenues for simultaneous surface charge and to-

pographical mapping of these surfaces. The wealth of information which could be

gained ranges from visualising pH-dependent surface charge behaviour on clays, to

studying the LSF effect, to understanding the potential redox behaviour proposed

for certain iron-bearing sandstones. Although it is unfortunate that this work could

not be performed during this project, it is nonetheless promising that the ground-

work has been laid for these experiments to take place.

Finally, outcrop rocks which had been exposed to crude oil under artificial ageing

conditions were also successfully imaged by SICM. These images were not as well-

resolved as those of the un-altered rock surfaces, as crude oil from the dry film

appeared to be partially removed by the KCl(aq) electrolyte during imaging, which

interfered with the measurements. This hypothesis was strengthened by low-vacuum

SEM micrographs taken after SICM imaging, which showed evidence of crude oil

film alteration on two of the three samples investigated. Despite the blurring on

these SICM images, the approximate feature sizes and shapes observed were in line

with what was expected from the low-vacuum SEM micrographs taken beforehand,

and so are deemed to be successful.

Overall this thesis has answered the key questions which were asked: the SICM

can be used to map outcrop rocks, which was validated with low-vacuum SEM and

AFM images. Despite some issues, the SICM has also been shown to be able to

map materials which have been artificially aged in crude oil, which also provided

insights into possible interactions between the oil and mineral surfaces. As such,

future experiments involving crude oil in the SICM can be considered. Now that
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topographical mapping on the SICM has been successfully established for these

materials, there is scope for surface charge mapping on the SICM to answer a number

of pertinent questions about these surfaces.
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[73] E. Salançon and B. Tinland, Beilstein J. Nanotechnol., 2018, 9, 2181–2187, DOI:
10.3762/bjnano.9.204.

[74] J. Mähler and I. Persson, Inorg. Chem., 2012, 51(1), 425–438, DOI:
10.1021/ic2018693.

[75] K.-L. Yang, S. Yiacoumi and C. Tsouris, J. Chem. Phys., 2002, 117(18), 8499–8507,
DOI: 10.1063/1.1511726.

[76] A. I. Shevchuk, G. I. Frolenkov, D. Sánchez, P. S. James, N. Freedman, M. J. Lab,
R. Jones, D. Klenerman and Y. E. Korchev, Angew. Chem. Int. Ed., 2006, 45,
2212–2216, DOI: 10.1002/anie.200503915.

[77] E. Tognoni, P. Baschieri, C. Ascoli, M. Pellegrini and M. Pellegrino, Micron, 2016,
83, 11–18, DOI: 10.1016/j.micron.2016.01.002.

[78] M. A. Edwards, C. G. Williams, A. L. Whitworth and P. R. Unwin, Anal. Chem.,
2009, 81(11), 4482–4492, DOI: 10.1021/ac900376w.

[79] B. Inkson, in Materials Characterization Using Nondestructive Evaluation (NDE)
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[118] E. Tombàcz and M. Szekeres, Appl. Clay Sci., 2006, 34(1-4), 105–124, DOI:
10.1016/j.clay.2006.05.009.

[119] H. Mahani, A. L. Keya, S. Berg, W.-B. Bartels, R. Nasralla and W. R. Rossen,
Energy Fuels, 2015, 29(3), 1352–1367, DOI: 10.1021/ef5023847.

[120] H. Mahani, S. Berg, D. Ilic, W.-B. Bartels and V. Joekar-Niasar, SPE J., 2015,
20(1), 8–20, DOI: 10.2118/165255-PA.

[121] E. V. Lebedeva and A. Fogden, Environ. Sci. Technol., 2010, 44(24), 9470–9475,
DOI: 10.1021/es102041b.

[122] C. Detellier and S. Letaief, in Handbook of Clay Science, ed. F. Bergaya and G. La-
galy, Elsevier, Amsterdam, 2013, vol. 5 of Developments in Clay Science, ch. 13, pp.
707–719, DOI: 10.1016/B978-0-08-098258-8.00022-5.

[123] Y. Hu, X. Liu and Z. Xu, Minerals Engineering, 2003, 16(3), 219–227, DOI:
10.1016/S0892-6875(02)00368-0.

[124] D. Schulze, in Encyclopedia of Soils in the Environment, ed. D. Hillel, Elsevier,
Oxford, 2005, ch. CLAY MINERALS, pp. 246–254, DOI: 10.1016/B0-12-348530-
4/00189-2.

[125] J. Wan and T. K. Tokunaga, J. Colloid Interface Sci., 2002, 247(1), 54–61, DOI:
10.1006/jcis.2001.8132.

456

http://dx.doi.org/10.2118/93009-PA
http://dx.doi.org/10.2118/93009-PA
http://dx.doi.org/10.1021/ef100699t
http://dx.doi.org/10.1073/pnas.0901051106
http://dx.doi.org/10.1016/j.chemgeo.2019.07.030
http://dx.doi.org/10.1016/B978-1-4377-7883-0.00006-7
http://dx.doi.org/10.1007/978-90-481-9751-4_33
http://dx.doi.org/10.1007/978-90-481-9751-4_33
http://dx.doi.org/10.1180/claymin.2014.049.2.02
http://dx.doi.org/10.1180/claymin.2014.049.2.02
http://dx.doi.org/10.1016/j.seppur.2006.04.005
http://dx.doi.org/10.1016/j.seppur.2006.04.005
http://dx.doi.org/10.1016/j.clay.2006.05.009
http://dx.doi.org/10.1016/j.clay.2006.05.009
http://dx.doi.org/10.1021/ef5023847
http://dx.doi.org/10.2118/165255-PA
http://dx.doi.org/10.1021/es102041b
http://dx.doi.org/10.1016/B978-0-08-098258-8.00022-5
http://dx.doi.org/10.1016/S0892-6875(02)00368-0
http://dx.doi.org/10.1016/S0892-6875(02)00368-0
http://dx.doi.org/10.1016/B0-12-348530-4/00189-2
http://dx.doi.org/10.1016/B0-12-348530-4/00189-2
http://dx.doi.org/10.1006/jcis.2001.8132
http://dx.doi.org/10.1006/jcis.2001.8132


[126] A. S. Al-Harrasi, R. S. Al-Maamari and S. Masalmeh, Laboratory Investigation
of Low Salinity Waterflooding for Carbonate Reservoirs, Abu Dhabi International
Petroleum Conference and Exhibition, Abu Dhabi, UAE, November 2012, SPE–
161468–MS, DOI: 10.2118/161468-MS.

[127] J. Wang, H. Song and Y. Wang, Fuel, 2020, 266, 117156, DOI:
10.1016/j.fuel.2020.117156.

[128] A. Lager, K. J. Webb, C. J. J. Black, M. Singleton and K. S. Sorbie, Petrophysics,
2008, 49(1), 28–35.

[129] M. B. Alotaibi, H. A. Nasr-El-Din and J. J. Fletcher, SPE Reservoir Evaluation
Engineering, 2011, 14(5), 594–603, DOI: 10.2118/148701-PA.

[130] D. Baran, R. S. Ashraf, D. A. Hanifi, M. Abdelsamie, N. Gasparini, J. A. Röhr,
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Appendix A

Methods

A.1 Calibration Standard

To ensure that the piezos in the SICM scan head were fully calibrated after a pe-

riod of transit, a HS-100MG calibration standard (BudgetSensors, Bulgaria) with

100 nm step heights was imaged to ensure faithful height recording was taking place.

Figures A.1 & A.2 below show a SICM image and a low-vacuum SEM micrograph

of this sample respectively. The height profile along the blue line in Figure A.1a

is shown in Figure A.1b to demonstrate the accurate recording of the 100 nm step

heights.
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(a)

(b)

Figure A.1: Calibration Sample: SICM image and height profile
(a) A 100 x 100 µm SICM image of the HS-100MG calibration standard with 100 nm
step heights, with a blue line indicating the position of the height profile shown in (b).
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Figure A.2: Calibration Sample: low-vacuum SEM micrograph
A low-vacuum SEM micrograph of the HS-100MG calibration standard on a similar area

to that shown in the SICM image in Figure A.1.

A.2 Nanopipette Characterisation

A.2.1 Re-arrangement of nanopipette conductance equation

Equation 2.3 in the Methods section was generated by rearranging Equation 2.2

(repeated below in Equation A.1, taken from Steinbock et al.) for di, as follows:
103

G =
diDiπg(c)

4(l + π
8
(di +Di))

(A.1)

Rearranging for the di term in the numerator gives:

di =
4G(l + π

8
(di +Di))

Diπg(c)

Which can then be expanded to separate out a second di term:
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di =
4G(l + π

8
di +

π
8
Di)

Diπg(c)

di =
4Gl + π

2
Gdi +

π
2
GDi

Diπg(c)

di =
4Gl + π

2
GDi

Diπg(c)
+

π
2
Gdi

Diπg(c)

These two di terms can thus be combined:

di −
π
2
Gdi

Diπg(c)
=

4Gl + π
2
GDi

Diπg(c)

di(1 −
π
2
G

Diπg(c)
) =

4Gl + π
2
GDi

Diπg(c)

To create an equation defining di:

di =
4Gl + π

2
GDi

Diπg(c)

1

1 −
π
2
G

Diπg(c)

Which can thus be simplified to give equation A.2, which is equation 2.3 from the

Methods section:

di =
4Gl + π

2
GDi

Diπg(c)

Diπg(c)

Diπg(c) − π
2
G

di =
Diπg(c)(4Gl + π

2
GDi)

Diπg(c)(Diπg(c) − π
2
G)
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di =
4Gl + π

2
GDi

Diπg(c) − π
2
G

(A.2)

A.2.2 Worked example of nanopipette characterisation

A nanopipette was recorded as having a taper length, l, of 2953 µm and the cyclic

voltammogram shown in Figure A.3 when characterised. Figure A.3 also shows a

polynomial fit of the curve overlaid over the cyclic voltammogram and the corre-

sponding equation alongside.

Figure A.3: Nanopipette cyclic voltammogram example
The cyclic voltammogram for the nanopipette in this case study with a l = 2953 µm.

Details of this fit, generated in OriginPro 2018b, are shown in Table A.1.

The gradient of the tangent of the cyclic voltammogram at 0 V, G, can be easily

calculated from the polynomial fit equation given on Figure A.3 and in re-iterated

Equation A.3 below.

y = −1.4697x2 + 4.6318x–0.0194 (A.3)
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Equation y = Intercept+ Ax1 +Bx2

Intercept -0.01943 ± 6.58091× 10−4

A 4.63176 ± 0.00152
B -1.46974 ± 0.00589
R2 0.99979

Table A.1: Polynomial fit details for the cyclic voltammogram in Figure A.2.2

Differentiating Equation A.3 gives an equation for the gradient, m:

dy

dx
= −2.9394x+ 4.6318 = m

G = m when x = 0, so when x = 0, m = G = 4.6318. The conductance, G, for this

nanopipette is therefore 4.6318 ×10−9 A/V ± 1.52×10−12 A/V. Plugging our G and

l values into equation A.2, using 0.5 mm and 1.28 S/m for Di & g(c) respectively

gives:

di =
(4× (4.6318× 10−9)× (2.953× 10−3)) + (π

2
× (4.6318× 10−9)× (5× 10−4))

(5× 10−4)1.29π − (π
2
× (4.6318× 10−9))

thus the di for this nanopipette can be approximated as 29 nm.
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Appendix B

Carbonates

B.1 Calcite

B.1.1 Low-Vacuum Scanning Electron Microscopy

In Chapter 3: Carbonates, Section 3.2.1, two overlays of low-vacuum SEM micro-

graphs of two different calcite crystals were presented in Figures 3.2 & 3.3; the

individual micrographs without numbers overlain are shown in Figures B.1 - B.4

and B.5 - B.8.
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Figure B.1: Low-vacuum SEM: Micrograph 1 of a calcite crystal from Figure 3.2

Figure B.2: Low-vacuum SEM: Micrograph 2 of a calcite crystal from Figure 3.2

469



Figure B.3: Low-vacuum SEM: Micrograph 3 of a calcite crystal from Figure 3.2

Figure B.4: Low-vacuum SEM: Micrograph 4 of a calcite crystal from Figure 3.2
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Figure B.5: Low-vacuum SEM: Micrograph 1 of a calcite crystal from Figure 3.3

Figure B.6: Low-vacuum SEM: Micrograph 2 of a calcite crystal from Figure 3.3
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Figure B.7: Low-vacuum SEM: Micrograph 3 of a calcite crystal from Figure 3.3

Figure B.8: Low-vacuum SEM: Micrograph 4 of a calcite crystal from Figure 3.3
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In Chapter 5: Carbonate Ageing Studies, Section 5.3.1.1, two overlays of low-

vacuum SEM micrographs of aged calcite surfaces were presented in Figures 5.1 &

5.2; the individual micrographs overlain are shown in Figures B.9 - B.12 & B.13 -

B.17 respectively.

Figure B.9: Low-vacuum SEM: Micrograph 1 of the aged calcite surface shown in Fig-
ure 5.1
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Figure B.10: Low-vacuum SEM: Micrograph 2 of the aged calcite surface shown in Fig-
ure 5.1

Figure B.11: Low-vacuum SEM: Micrograph 3 of the aged calcite surface shown in Fig-
ure 5.1
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Figure B.12: Low-vacuum SEM: Micrograph 4 of the aged calcite surface shown in Fig-
ure 5.1

Figure B.13: Low-vacuum SEM: Micrograph 1 of the aged calcite surface shown in Fig-
ure 5.2
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Figure B.14: Low-vacuum SEM: Micrograph 2 of the aged calcite surface shown in Fig-
ure 5.2

Figure B.15: Low-vacuum SEM: Micrograph 3 of the aged calcite surface shown in Fig-
ure 5.2
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Figure B.16: Low-vacuum SEM: Micrograph 4 of the aged calcite surface shown in Fig-
ure 5.2

Figure B.17: Low-vacuum SEM: Micrograph 5 of the aged calcite surface shown in Fig-
ure 5.2
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In Chapter 5: Carbonate Ageing Studies, Section 5.3.1.2, an overlay of nine low-

vacuum SEM micrographs of an aged calcite surface after SICM measurements had

been performed were presented in Figure 5.12; these individual micrographs are

shown in Figures B.18 - B.26 below.

Figure B.18: Low-vacuum SEM: Micrograph 1 of the aged calcite surface after SICM
measurements shown in Figure 5.12
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Figure B.19: Low-vacuum SEM: Micrograph 2 of the aged calcite surface after SICM
measurements shown in Figure 5.12

Figure B.20: Low-vacuum SEM: Micrograph 3 of the aged calcite surface after SICM
measurements shown in Figure 5.12
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Figure B.21: Low-vacuum SEM: Micrograph 4 of the aged calcite surface after SICM
measurements shown in Figure 5.12

Figure B.22: Low-vacuum SEM: Micrograph 5 of the aged calcite surface after SICM
measurements shown in Figure 5.12

480



Figure B.23: Low-vacuum SEM: Micrograph 6 of the aged calcite surface after SICM
measurements shown in Figure 5.12

Figure B.24: Low-vacuum SEM: Micrograph 7 of the aged calcite surface after SICM
measurements shown in Figure 5.12
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Figure B.25: Low-vacuum SEM: Micrograph 8 of the aged calcite surface after SICM
measurements shown in Figure 5.12

Figure B.26: Low-vacuum SEM: Micrograph 9 of the aged calcite surface after SICM
measurements shown in Figure 5.12
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In Chapter 5: Carbonate Ageing Studies, Section 5.3.1.2, an overlay of five low-

vacuum SEM micrographs of an aged calcite surface which had been stored in air

for 2 months prior to imaging were presented in Figure 5.16; these individual mi-

crographs are shown in Figures B.27 - B.31 below.

Figure B.27: Low-vacuum SEM: Micrograph 1 of the old aged calcite surface
An image from the overlay of five low-vacuum SEM micrographs of an aged calcite

surface which had been stored in air for 2 months prior to imaging which was shown in
Figure 5.12.
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Figure B.28: Low-vacuum SEM: Micrograph 2 of the old aged calcite surface
An image from the overlay of five low-vacuum SEM micrographs of an aged calcite

surface which had been stored in air for 2 months prior to imaging which was shown in
Figure 5.12.

Figure B.29: Low-vacuum SEM: Micrograph 3 of the old aged calcite surface
An image from the overlay of five low-vacuum SEM micrographs of an aged calcite

surface which had been stored in air for 2 months prior to imaging which was shown in
Figure 5.12.
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Figure B.30: Low-vacuum SEM: Micrograph 4 of the old aged calcite surface
An image from the overlay of five low-vacuum SEM micrographs of an aged calcite

surface which had been stored in air for 2 months prior to imaging which was shown in
Figure 5.12.

Figure B.31: Low-vacuum SEM: Micrograph 5 of the old aged calcite surface
An image from the overlay of five low-vacuum SEM micrographs of an aged calcite

surface which had been stored in air for 2 months prior to imaging which was shown in
Figure 5.12.
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B.1.2 Energy-Dispersive X-Ray Spectroscopy

Two areas of an unaltered calcite surface were examined with EDX. The results

from calcite surface area 4a (as labelled in Figure 3.3 in Section 3.2.1) were shown

in Chapter 5: Carbonate Ageing Studies, and results from calcite surface area 4b are

shown below in Figure B.32.

Three EDX scans of the Aged Calcite 2 surface were performed on three different

areas. One of these areas’ results is presented in Section 5.3.1.1 in Figure 5.11. The

other two areas’ results are presented in B.33 & B.34 below. As was the case with

the spectrum in Figure 5.11 in Section 5.3.1.1, the spectra in Figures B.33e & B.34e

the position of the Ca peak at 3.69 keV is highlighted to demonstrate how the Ca

signal has been masked by the crude oil film.

Three EDX scans of the Aged Calcite 1 surface post-SICM were performed on

three different areas. One of these areas’ results is presented in Section 5.3.1.2 in

Figure 5.15. The other two areas’ results are presented in B.35 & B.36 below.
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(a) (b)

(c) (d)

(e)

Figure B.32: EDX: Calcite Surface Type 4b
EDX results for area 4b of the calcite surface defined and labelled in Figure 3.6b in
Section 3.2.1. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) & (d)
show the C, O and Ca distribution maps for the area respectively, and (e) shows the

X-ray energy spectrum for the image, with element assignments labelled.
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(a) (b)

(c) (d)

(e)

Figure B.33: Aged Calcite 2: EDX Area 2
EDX results for area 2 of the Aged Calcite 2 surface imaged by SEM shown and labelled
in Figure 5.2. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) & (d)

show the S, O and C distribution maps for the area respectively, and (e) shows the X-ray
energy spectrum for the image, with element assignments labelled.
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(a) (b)

(c) (d)

(e)

Figure B.34: Aged Calcite 2: EDX Area 3
EDX results for area 3 of the Aged Calcite 2 surface imaged by SEM shown and labelled
in Figure 5.2. (a) Shows the low-vacuum SEM micrograph of the area, (b), (c) & (d)

show the S, O and C distribution maps for the area respectively, and (e) shows the X-ray
energy spectrum for the image, with element assignments labelled.
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(a) (b)

(c)

(d)

Figure B.35: Aged Calcite post-SICM: EDX Area B
EDX results for area B of the post-SICM measurement Aged Calcite 1 surface imaged by
SEM shown and labelled in Section 5.3.1.2, Figure 5.12. (a) Shows the low-vacuum SEM

micrograph of the area, (b) & (c) show the O & N distribution maps for the area
respectively, and (d) shows the X-ray energy spectrum for the image, with element

assignments labelled.
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(a) (b)

(c)

(d)

Figure B.36: Aged Calcite post-SICM: EDX Area C
EDX results for area C of the post-SICM measurement Aged Calcite 1 surface imaged by
SEM shown and labelled in Section 5.3.1.2, Figure 5.12. (a) Shows the low-vacuum SEM

micrograph of the area, (b) & (c) show the O & N distribution maps for the area
respectively, and (d) shows the X-ray energy spectrum for the image, with element

assignments labelled.
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B.2 Ketton

In Chapter 3: Carbonates, Section 3.2.2, two SEM micrograph overlays were pre-

sented in Figures 3.7 and 3.8. The micrographs which made up those Figures are

presented here, in Figures B.37 - B.42 and Figures B.43 - B.49 respectively.

Figure B.37: Low-vacuum SEM: Micrograph 1 of Ketton from Figure 3.7

Figure B.38: Low-vacuum SEM: Micrograph 2 of Ketton from Figure 3.7
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Figure B.39: Low-vacuum SEM: Micrograph 3 of Ketton from Figure 3.7

Figure B.40: Low-vacuum SEM: Micrograph 4 of Ketton from Figure 3.7
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Figure B.41: Low-vacuum SEM: Micrograph 5 of Ketton from Figure 3.7

Figure B.42: Low-vacuum SEM: Micrograph 6 of Ketton from Figure 3.7
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Figure B.43: Low-vacuum SEM: Micrograph 1 of Ketton from Figure 3.8

Figure B.44: Low-vacuum SEM: Micrograph 2 of Ketton from Figure 3.8
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Figure B.45: Low-vacuum SEM: Micrograph 3 of Ketton from Figure 3.8

Figure B.46: Low-vacuum SEM: Micrograph 4 of Ketton from Figure 3.8
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Figure B.47: Low-vacuum SEM: Micrograph 5 of Ketton from Figure 3.8

Figure B.48: Low-vacuum SEM: Micrograph 6 of Ketton from Figure 3.8
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Figure B.49: Low-vacuum SEM: Micrograph 7 of Ketton from Figure 3.8
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B.3 Estaillades

B.3.1 Low-Vacuum Scanning Electron Microscopy

In Chapter 3: Carbonates, Section 3.2.3, a low-vacuum SEM micrograph overlay

was presented in Figure 3.16. The micrographs which made up this Figure are pre-

sented in Figures B.50 - B.55. A second overlay was also presented in Figure 3.17,

the individual micrographs making up this overlay presented in Figures B.56 & B.57.

Figure B.50: Low-vacuum SEM: Micrograph 1 of Estaillades from Figure 3.16
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Figure B.51: Low-vacuum SEM: Micrograph 2 of Estaillades from Figure 3.16

Figure B.52: Low-vacuum SEM: Micrograph 3 of Estaillades from Figure 3.16
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Figure B.53: Low-vacuum SEM: Micrograph 4 of Estaillades from Figure 3.16

Figure B.54: Low-vacuum SEM: Micrograph 5 of Estaillades from Figure 3.16
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Figure B.55: Low-vacuum SEM: Micrograph 6 of Estaillades from Figure 3.16

Figure B.56: Low-vacuum SEM: Micrograph 1 of Estaillades from Figure 3.17
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Figure B.57: Low-vacuum SEM: Micrograph 2 of Estaillades from Figure 3.17
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In Chapter 5: Carbonate Ageing Studies, Section 5.3.2.1, a overlays of low-

vacuum SEMmicrographs of aged Estaillades surfaces were presented in Figures 5.21

& 5.22; the individual micrographs overlain are shown in Figures B.58 - B.63 & B.64 -

B.67 respectively.

Figure B.58: Low-vacuum SEM: Micrograph 1 of the aged Estaillades surface from Fig-
ure 5.21
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Figure B.59: Low-vacuum SEM: Micrograph 2 of the aged Estaillades surface from Fig-
ure 5.21

Figure B.60: Low-vacuum SEM: Micrograph 3 of the aged Estaillades surface from Fig-
ure 5.21
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Figure B.61: Low-vacuum SEM: Micrograph 4 of the aged Estaillades surface from Fig-
ure 5.21

Figure B.62: Low-vacuum SEM: Micrograph 5 of the aged Estaillades surface from Fig-
ure 5.21
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Figure B.63: Low-vacuum SEM: Micrograph 6 of the aged Estaillades surface from Fig-
ure 5.21

Figure B.64: Low-vacuum SEM: Micrograph 1 of the aged Estaillades surface from Fig-
ure 5.22
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Figure B.65: Low-vacuum SEM: Micrograph 2 of the aged Estaillades surface from Fig-
ure 5.22

Figure B.66: Low-vacuum SEM: Micrograph 3 of the aged Estaillades surface from Fig-
ure 5.22

508



Figure B.67: Low-vacuum SEM: Micrograph 4 of the aged Estaillades surface from Fig-
ure 5.22

Figure B.68: Low-vacuum SEM: Micrograph 5 of the aged Estaillades surface from Fig-
ure 5.22

509



In Chapter 5: Carbonate Ageing Studies, Section 5.3.2.1, an overlay of low-

vacuum SEM micrographs of an aged Estaillades surface after SICM measurements

was presented in Figure 5.32; the individual micrographs overlain are shown in

Figures B.69 - B.74.

Figure B.69: Low-vacuum SEM: Micrograph 1 of the aged Estaillades surface from Fig-
ure 5.32
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Figure B.70: Low-vacuum SEM: Micrograph 2 of the aged Estaillades surface from Fig-
ure 5.32

Figure B.71: Low-vacuum SEM: Micrograph 3 of the aged Estaillades surface from Fig-
ure 5.32
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Figure B.72: Low-vacuum SEM: Micrograph 4 of the aged Estaillades surface from Fig-
ure 5.32

Figure B.73: Low-vacuum SEM: Micrograph 5 of the aged Estaillades surface from Fig-
ure 5.32
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Figure B.74: Low-vacuum SEM: Micrograph 6 of the aged Estaillades surface from Fig-
ure 5.32
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B.3.2 Energy-Dispersive X-ray Spectroscopy

EDX scans of Estaillades prior to ageing were performed to provide a comparison

for EDX scans post-ageing. Three areas of an unaltered Estaillades surface were

examined with EDX, the first two of which were discussed in Chapter 5: Carbonate

Ageing Studies. The third of which, the area labelled C in Figure B.75, shown at

higher magnification in Figure B.76 is an example of Estaillades surface type 1, as

were defined in Chapter 3: Carbonates, Section 3.2.3.

Figure B.75: Estaillades: SEM overview, EDX Area C
A low-vacuum SEM image of Estaillades, with the area (C) studied by EDX below in

Figure B.76 labelled.
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(a) (b)

(c) (d)

(e)

Figure B.76: Estaillades: EDX Area C
Element distribution maps as determined by EDX for area C of the Estaillades surface

imaged by SEM shown and labelled in Figure B.75.
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B.4 Indiana

In Chapter 3: Carbonates, Section 3.2.4, an overlay of low-vacuum SEMmicrographs

of Indiana was presented in Figure 3.22, and a micrograph showing the same surface

types was presented in Figure 3.23. The micrographs which made up these Figures

without surface type numbers overlain are presented in Figures B.77 - B.83.

Figure B.77: Low-vacuum SEM: Micrograph 1 of Indiana from Figure 3.22
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Figure B.78: Low-vacuum SEM: Micrograph 2 of Indiana from Figure 3.22

Figure B.79: Low-vacuum SEM: Micrograph 3 of Indiana from Figure 3.22
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Figure B.80: Low-vacuum SEM: Micrograph 4 of Indiana from Figure 3.22

Figure B.81: Low-vacuum SEM: Micrograph 5 of Indiana from Figure 3.22
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Figure B.82: Low-vacuum SEM: Micrograph 6 of Indiana from Figure 3.22

Figure B.83: Low-vacuum SEM: The micrograph of Indiana shown in Figure 3.23, without
numbers.
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Appendix C

Bandera Brown

C.1 Low-Vacuum Scanning Electron Microscopy

In Chapter 6: Bandera Brown, Section 6.2.1.1, two overlays of low-vacuum SEM

micrographs of the Bandera Brown surface were presented in Figures 6.1 & 6.14. The

low-vacuum micrographs which make up these overlays are presented in Figures C.1 -

C.4 and C.5 & C.6 respectively.
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Figure C.1: Low-vacuum SEM: Micrograph 1 of Bandera Brown from Figure 6.1

Figure C.2: Low-vacuum SEM: Micrograph 2 of Bandera Brown from Figure 6.1
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Figure C.3: Low-vacuum SEM: Micrograph 3 of Bandera Brown from Figure 6.1

Figure C.4: Low-vacuum SEM: Micrograph 4 of Bandera Brown from Figure 6.1

522



Figure C.5: Low-vacuum SEM: Micrograph 1 of Bandera Brown from Figure 6.14

Figure C.6: Low-vacuum SEM: Micrograph 2 of Bandera Brown from Figure 6.14
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In Chapter 6: Bandera Brown, Section 6.3, two overlays of low-vacuum SEM

micrographs of aged Bandera Brown were presented in Figures 6.45 & 6.51. The

micrographs which made up these Figures are presented in Figures C.7 - C.13 &

C.14 - C.17 respectively.

Figure C.7: Low-vacuum SEM: Micrograph 1 of Aged Bandera Brown from Figure 6.45

Figure C.8: Low-vacuum SEM: Micrograph 2 of Aged Bandera Brown from Figure 6.45
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Figure C.9: Low-vacuum SEM: Micrograph 3 of Aged Bandera Brown from Figure 6.45

Figure C.10: Low-vacuum SEM: Micrograph 4 of Aged Bandera Brown from Figure 6.45
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Figure C.11: Low-vacuum SEM: Micrograph 5 of Aged Bandera Brown from Figure 6.45

Figure C.12: Low-vacuum SEM: Micrograph 6 of Aged Bandera Brown from Figure 6.45
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Figure C.13: Low-vacuum SEM: Micrograph 7 of Aged Bandera Brown shown in Fig-
ure 6.45

Figure C.14: Low-vacuum SEM: Micrograph 1 of Aged Bandera Brown from Figure 6.51
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Figure C.15: Low-vacuum SEM: Micrograph 2 of Aged Bandera Brown from Figure 6.51

Figure C.16: Low-vacuum SEM: Micrograph 3 of Aged Bandera Brown from Figure 6.51
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Figure C.17: Low-vacuum SEM: Micrograph 4 of Aged Bandera Brown from Figure 6.51
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In Chapter 6: Bandera Brown, Section 6.3.3, an overlay of low-vacuum SEM

micrographs of aged Bandera Brown after SICM measurements had been performed

was presented in Figure 6.58. The micrographs which made up this Figure are

presented in Figures C.18 - C.20.

Figure C.18: Low-vacuum SEM: Micrograph 1 of Aged Bandera Brown post SICM from
Figure 6.58
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Figure C.19: Low-vacuum SEM: Micrograph 2 of Aged Bandera Brown post SICM from
Figure 6.58

Figure C.20: Low-vacuum SEM: Micrograph 3 of Aged Bandera Brown post SICM from
Figure 6.58
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Appendix D

Polystyrene on Glass

In Chapter 4: Surface Charge Mapping, Section 4.3.2.1, an overlay of low-vacuum

SEM micrographs of a glass slide dip-coated in polystyrene was presented in Fig-

ure 4.5. The micrographs which made up this Figure are presented in Figures D.1 -

D.4.

Figure D.1: Low-vacuum SEM: Micrograph 1 of a glass slide dip-coated in polystyrene
from Figure 4.5
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Figure D.2: Low-vacuum SEM: Micrograph 2 of a glass slide dip-coated in polystyrene
from Figure 4.5

Figure D.3: Low-vacuum SEM: Micrograph 3 of a glass slide dip-coated in polystyrene
from Figure 4.5
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Figure D.4: Low-vacuum SEM: Micrograph 4 of a glass slide dip-coated in polystyrene
from Figure 4.5
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