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Abstract: Chalk is a very fine-grained carbonate and can accommodate high porosity which is a key
characteristic for high-quality hydrocarbon reservoirs. A standard procedure within Improved Oil
Recovery (IOR) is seawater-injection which repressurizes the reservoir pore pressure. Long-term
seawater-injection will influence mineralogical processes as dissolution and precipitation of sec-
ondary minerals. These secondary minerals (<1 micrometer) precipitate during flooding experiments
mimicking reservoir conditions. Due to their small sizes, analysis from traditional scanning electron
microscopy combined with energy dispersive X-ray spectroscopy is not conclusive because of insuf-
ficient spatial resolution and detection limit. Therefore, chalk was analyzed with high-resolution
imaging by helium ion microscopy (HIM) combined with secondary ion mass spectrometry (SIMS)
for the first time. Our aim was to identify mineral phases at sub-micrometer scale and identify
locations of brine-rock interactions. In addition, we wanted to test if current understanding of these
alteration processes can be improved with the combination of complementary imaging techniques
and give new insights to IOR. The HIM-SIMS imaging revealed well-defined crystal boundaries
and provided images of excellent lateral resolution, allowing for identification of specific mineral
phases. Using this new methodology, we developed chemical identification of clay minerals and
could define their exact location on micron-sized coccolith grains. This shows that it is essential
to study mineralogical processes at nanometer scale in general, specifically in the research field of
applied petroleum geology within IOR.

Keywords: helium ion microscopy; secondary ion mass spectrometry; chalk; clay mineral; chemistry;
nano-scale imaging; mineralogical alteration

1. Introduction

Chalk is a marine sedimentary rock that comprises mainly calcium carbonate (CaCO3)
which is primarily composed of micron-sized coccolithophore fragments (coccoliths) and
nano-sized fossil debris. The size of individual coccolith rings ranges between 0.3 and
5 um [1]. Precipitation and deposition of chalk typically occur in deep marine settings,
where clastic input is secondary if not absent. Accessory minerals may be silicate-rich
microfossils or clay minerals related to aerial transport from volcanic eruptions. Due to the
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characteristic texture of the chalk (Figure 1), the rock is also highly porous, nevertheless,
its softness may cause compaction during diagenesis. This pronounced porosity is vital
for the oil industry as it provides great potential as reservoirs for hydrocarbons. Water
injection into carbonate reservoirs, such as the giant Ekofisk on the Norwegian Continental
Shelf (NCF), is performed as a method known as Improved Oil Recovery (IOR) to gain
more hydrocarbon from existing reservoirs instead of developing new fields [2-7]. This
technique is essential in the transition process to a greener energy production in the future.
The injected brine will alter the wettability of the grain surface from oil-wet to water-wet
such that additional oil will be released [5]. However, this process will additionally alter the
properties of the reservoir, initiate dissolution and precipitation of minerals, consequently
influencing porosity and permeability [8-12]. Non-carbonate phases are suspected to
influence the entire rock—fluid interaction and the identification is obviously the first
step [11,13-16].

Figure 1. Typical texture of an Upper Cretaceous onshore chalk sample derived from the St. Vaast
Formation from Obourg quarry close to Mons (Belgium; sample OBSV 12.3) imaged by SEM showing
abundant coccolith rings and high porosity.

Magnesium is one of the most reactive ions in seawater. Seawater injection causes
brine-rock interactions which normally involve calcium dissolution and magnesium pre-
cipitation. To identify secondary mineralogical and textural alteration of chalk, various
methods of analytical tools have been applied [17]. The small size of these chalk constituents
challenges the resolution of most of these techniques. Scanning Electron Microscopy (SEM)
combined with elemental analysis using energy dispersive X-ray spectroscopy (EDS) is
widely used on a regular basis for the purpose of performing reservoir characterization of
chalk. This method can, however, not achieve sufficient spatial resolution and analytical
sensitivity to resolve and identify mineral phases on sub-micron level as the acquired signal
originates from an interaction volume of ~1 um?® in the sample [18,19]. Specific approaches
within reservoir characterization on submicron scale needs state-of-the-art resolution in the
field of imaging and mineral or component identification using crystallographic techniques
or chemical data. The lack of these two data sets acquired at the same time, hampers the
interpretation of mineralogical processes related to fluid injection as new grown minerals
related t flooding experiments are in the nm size range [10,20,21]. The use of Transmission
Electron Microscopy (TEM) has also been employed, however, sample preparation for this
method is often challenging.

The main objective here is to provide high-resolution morphology images plus the
mineral identification based on chemical surface analyses. Within three decades of IOR
research we developed several methodological approaches to tackle this objective [17,22]
(Minde et al., 2019a, b). Most of the analytical solutions turned out to be highly time
consuming with significant challenges on sampling [20]. Crystallographic studies with
tip-enhanced Raman spectroscopy (TERS) combined with atomic force microscopy (AFM)
are extremely tedious and sample preparation is very challenging [22].



Minerals 2022, 12, 356

30f10

The novel combination of helium ion microcopy (HIM) with secondary ion mass
spectrometry (SIMS) [23,24] allows to solve these issues for a variety of mineralogical and
thus geological problems, especially in the field of rock—fluid interactions in IOR research.
In the context of chalk analysis, we demonstrate in this manuscript for the first time the
advantages of this method compared to those mentioned above and commence new and
more advanced studies within this field.

2. Sample Material and Experimental Setup

The sample (OBSV 12) is Upper Cretaceous chalk from the St. Vaast Formation (Obourg
quarry, Mons Belgium) [25-27]. The St. Vaast Formation has a high carbonate concentration
with traces of glauconite, chlorite, and pyrite [28]. The chalk samples discussed here were
cored with a cylindrical shape of 38.1 mm in diameter and a length of about 70 mm out of
an un-weathered chalk block. A 2 mm drill bit was used to produce an artificial fracture
without contaminating the sample. The size of the fracture aperture measured 2.25 mm
(£0.05 mm) and ran parallel to the flooding direction in the central core (Figure 2a). The
aim was to mimic fractured chalk in reservoirs such as Ekofisk on the NCS. In unflooded
material the average amount of calcite was around 95% (Table 1). These cores were used
for flooding experiments when different fluids were tested under reservoir conditions to
provoke mineralogical changes which affect rock mechanics [29,30]. The main average
abundances of the non-carbonate material (in weight percent) were SiO; (3.42 wt.%),
followed by Al,O3 (1.01 wt.%), Fe;Os (0.39 wt.%), and K,O (0.23 wt.%) (Table 1). The
experiment was conducted in a triaxial cell at high temperature (130 °C) with confining
and pore pressure of 12 and 0.7 MPa, respectively. The test sample was initially flooded
with NaCl during loading and the primary week during creep (deformation at constant
stress) and was subsequently flooded for 53 days with synthetic seawater (SSW). The
composition of this fluid is described in detail in [13] and comprises mainly sodium,
chlorine, magnesium, calcium, potassium, and sulphur. For more information about the
set-up of the triaxial cells, the reader is referred to [9]. The chalk sample was cleaned with
distilled water after the experimental test, dried, and sliced into six units from OBSV 12.1
(inlet) to OBSV 12.6 (outlet).

[ A B S T~ ] B e
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Figure 2. (a) The chalk sample (OBSV 12.4) before testing with the location of the drilled fracture
(diameter: 2.25 4= 0.05 mm). The red arrow indicates the flooding direction. (b) The core was sliced
after flooding, where number one is the “inlet”, where the fluids were injected, and the “outlet” is
number six. The red square in slice four shows the exact sample location for this study. (c) Optical
microscopy image of the fracture fill from the sampling area after flooding of the sample. HIM-SIMS
analysis was performed from sample material (green square) extracted from the matrix very close to
the fracture fill.
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Table 1. Bulk chemical composition of unflooded reference samples including the end piece of the
flooded sample which has not been flooded (REFE.6) and the flooded chalk samples of OBSV 12.
Analysis with HIM-SIMS was performed on OBSV 12.4. wt.% indicates weight percent. The complete
data set is available in Supplementary Table S1.

Content/ SiO, Al,O3 Fe, O3 MgO CaO Na,O K,O
Sample wt.% wt.% wt.% wt.% wt.% wt.% wt.%
REF.1 3.32 0.97 0.34 0.29 52.06 0.04 0.22
REE2 3.39 1.00 0.54 0.27 51.90 0.04 0.22
REE3 3.44 1.01 0.39 0.29 51.97 0.04 0.22
REF4 3.38 1.00 0.34 0.28 52.29 0.04 0.22
REE5 3.40 1.03 0.33 0.30 51.89 0.04 0.23
REE.6 3.58 1.05 0.40 0.28 51.89 0.04 0.24
OBSV 12#1 3.61 1.07 0.47 0.44 51.93 0.04 0.24
OBSV 12#2 3.52 1.05 0.38 0.48 52.05 0.04 0.22
OBSV 12#3 3.56 1.07 0.40 0.53 51.93 0.03 0.23
OBSV 12#4 3.64 1.08 0.43 0.52 51.88 0.04 0.22
OBSV 12#5 3.60 1.06 0.39 0.49 51.67 0.04 0.23
OBSV 12#6 3.62 1.08 0.43 0.40 51.94 0.04 0.24
3. Methods

3.1. Whole-Rock Geochemistry Characterization

In total, 5 g of sample material was milled in an agate mill to a fine mesh. The
geochemical data were obtained by inductively coupled plasma-mass spectrometry (ICP-
MS) analysis at ACME laboratory (Vancouver, BC, Canada). The milled sample was mixed
with LiBO, /Li; B4O7 flux in crucibles and fused in a furnace. The cooled bead was dissolved
in the American Chemical Society (ACS) grade nitric acid and analyzed by ICP-MS. Loss
on ignition (LOI) was determined by igniting a sample split then measuring the weight
loss. A 1 g sample was weighed into a tarred crucible and ignited to 1000 °C for 1 h,
then cooled and weighed again. Total carbon and sulphur were determined using the
LECO method. Here, induction flux was added to the prepared sample then ignited in an
induction furnace. A carrier gas swept up released carbon to be measured by adsorption
in an infrared spectrometric cell. Results are quantitative and give the concentrations of
carbon and sulphur in all components. An additional 14 elements were measured after
dilution in Aqua Regia. The prepared sample was digested with a modified Aqua Regia
solution of equal parts concentrated HCl, HNOj3, and DI-H,O for 1 h in a heating block or
hot water bath. The sample volume was increased with dilute HCl solution and splits of
0.5 g were analyzed. The accuracy and precision are between 2 and 3%.

3.2. Helium Ion Microscopy—Secondary Ion Mass Spectroscopy (HIM-SIMS)

Secondary electron (SE) image acquisitions were performed in a Zeiss ORION NanoFab
Helium Ion Microscope (HIM) [31] (Figure 3). HIM uses a very finely focused He" or Ne*
ion beam, produced by a gas field ion source (GFIS), to raster-scan the sample under inves-
tigation and to create SEs collected by an Everhart-Thornley (ET) detector. He* ions are
typically used to produce SE images to limit sputtering of the surface during the imaging
process due to the low sputtering yield of He* versus Ne* [32]. This gives spatial resolu-
tions down to 0.5 nm [33,34] thanks to the high-brightness of the GFIS and the very small
interaction volume between the impinging He" ions and the sample in the near surface
region, from which SEs are emitted [31]. For more technical details about HIM the reader
can refer to [24,31]. Chemical images were acquired by using a Secondary Ion Mass Spec-
trometer (SIMS) system installed on the HIM, which was developed by the Luxembourg
Institute of Science and Technology (LIST) to provide analytical information of specimen on
the HIM (called “HIM-SIMS”) [23,24,33]. For SIMS, Ne* primary ions are used to enhance
sputtering of the surface (up to a few nanometers of depth) and therefore to increase the
secondary ion (SI) yield to achieve adequate signal statistics. The spatial resolution of the
SIMS mode is better than 20 nm, which makes it a record in SIMS imaging [23,24].
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Figure 3. Schematic view of the HIM-SIMS instrument. The central part consists of the helium ion
microscope (HIM) used primarily for topographic SE imaging, while the left part is showing the
coupled secondary ion mass spectrometer (SIMS) add-on system dedicated for elemental analysis.

In situ analysis using both techniques, HIM for topographic SE imaging and SIMS for
visualization of elemental distribution, firstly allows an efficient data acquisition workflow
minimizing contamination of the sample and secondly facilitates image correlation of the
same ROI in the data treatment process. Correlation of 2-dimensional topographic SE
images and even 3D SE reconstructions using a photogrammetry method [35,36] and chem-
ical images from SIMS, visualize complementary information in a single representation,
thus enabling a deeper comprehension of a ROI with respect to its structural and chemical
properties.

In this work, HIM-SE images were acquired with a He* primary current of 2 pA
at 25 keV acceleration energy for a scanning of 2048 x 2048 pixels and a counting time
of 10 us/pixel averaged over 8 lines. For SIMS analysis, the surface of the same ROIs
was scanned with a 10 pA (25 keV) Ne* beam with 512 x 512 pixels at a counting time
of 2 ms/pixel. The instrument was tuned to map the distribution of the positive ion of
magnesium (**Mg*), aluminum (¥’ Al*), silicon (**Si*), potassium (¥K*), and calcium
(*%Ca™) (24Mg, 286j, 39K in a first run and 2’ Al and *°Ca in a second run). The negative ions
recorded were carbon (2C, ) and oxygen (10").

4. Results
4.1. Geochemical Bulk Data

Bulk analysis results were acquired from un-flooded end pieces (where the endpiece
of OBSV 12 is REF.6) and six flooded units of OBSV 12 (Table 1). The sample experienced an
increase in magnesium concentration from 0.28 wt.% in the unflooded sample to 0.52 wt.%
for OBSV 12.4 flooded with SSW. However, no significant loss of other elements was
observed.

4.2. Helium Ion Microscopy Combined with Secondary lon Mass Spectrometry (HIM-SIMS)

The HIM provided a high-resolution secondary electron (SE) image of a fresh surface
chalk sample with detailed topographical features of the coccolith grains (Figure 4a).
Elemental maps of the same ROI were acquired using SIMS (Figure 4b-h). 4°Ca was found
correspondingly to the occurrence of the coccolith (Figure 4a), along with 12C; and O
which shows the calcite (CaCQOj3) distribution. However, there are a few locations on the
coccolith surface where these ions are not detected: 24Mg, 27 A1,2854, and ¥°K are distributed
in areas of less than 1 um?, coinciding with the absence of °0, 4°Ca, and partly 12C, signals
(Figure 4e-h).
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Figure 4. HIM-SIMS images of sample OBSV 12.4. (a) SE image of a ROI obtained by HIM focusing on
a coccolith fragment. (b—d) Chemical images obtained by SIMS of 160,12C,, and *°Ca are presented
with a scalebar at the right, representing the intensity of each element. (e-h) Elemental distribution
of 24Mg, 27 Al, 85i, and ¥K.

Separate clay grains were not identified in the selected SE image. An SE image
overlayed with the SIMS maps of 2*Mg, %/ Al, 28Si, and *K, in red, clearly defines locations
and topography of clay coating the coccolith surface (Figure 5a). Increased magnification
of the SE image allowed us to observe various surface roughness (Figure 5b,d,f) and the
corresponding distribution of calcite in Figure 5c,e,g.

-

200 nm B 50 2C4Ca

Figure 5. SE images with identified calcite distribution versus clay coating linked to topography of
the coccolith grain and fragments. (a) The SE image is overlayed by the coinciding distribution of
24Mg, 27 Al, 28Si, and %K in red, representing clay. Three white boxes are marked and presented with
increased magnification to highlight surface topography versus chemistry (b—g). (b) Smooth, yet
stepwise surface (c) with distribution of 10, 12C;, and #°Ca in green combined with the correspond-
ing SE image. (d) Irregular surface. (e) The irregular surface in (d) is identified as calcite. (f) SE image
with smooth surface which covers and evens out the steplike structure. (g) The overlay of (f) with the
SIMS image presents a calcite dominated background.
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Two clay minerals with different shapes on the same ROI were magnified to highlight
possible compositional differences. A clay mineral was coating the surface and the second
had a sheetlike appearance (Figures 6a—d and 6e-h). The second clay was thicker and
lacked calcite distribution in the center. The 2Mg concentration versus %/ Al, 8Si and 3K
reflected a higher 2#Mg concentration on the sheetlike clay (Figure 6e-h).

Figure 6. Series of SE and overlay of SE with SIMS results showing mineral phases of coccolith
fragments and coating mineral phases, highlighting >*Mg distribution. (a) SE image of a coccolith
fragment highlighting a location with a slightly different roughness marked by a white arrow.
(b) Calcite distribution (160, 12C,, and 4°Ca) overlaying the corresponding SE image. (c) SIMS
detection of 27 Al, 28Si, and %K overlapped with the corresponding SE image. These elements form a
sub-micron phase of clay. (d) 24Mg distribution. (e) SE image discloses a sheetlike feature covering a
fragment marked by an arrow. (f) SIMS identification of calcite (160, 12¢,, and 0Ca) distribution,
overlapping the corresponding SE image. Central absence of calcite. (g) The sheetlike mineral has
presence of 27 Al, 28Si, and 3°K representing clay. (h) >Mg is abundant on the sheetlike feature.

5. Discussion

High resolution imaging of chalk by HIM reveals detailed textural information of
nanosized grains or coating adhered to the surface of the coccolith fragment. Altered
surfaces may be a result of diagenetic processes in the reservoir or experimental flooding
processes. Surface locations dominated by calcite are possible sites of calcite dissolution
or potential calcite reprecipitation which is a common process during diagenesis [15]. In
the analyzed ROls, clay mineral phases are detected mainly as sub-micron sized particles
filling cracks, adhering to the coccolith surface, or as sheetlike features.

Imaging and chemical identification by HIM-SIMS allows to identify nanosized min-
eral phases chemically and provides high-quality, both topographical and chemical, images.
Identification of primary or secondary minerals on this scale is important for interpre-
tation regarding wettability. Most of these phases are not possible to distinguish using
SEM-EDS, hence, erroneous conclusions may be drawn. HIM results will clearly identify
locations where mineral phases cover the coccolith, and the combination with SIMS will
additionally provide chemical information and confirm the presence of non-carbonate
phases, such as clay minerals (Figure 5a). However, when acquiring data for mass m/z 56,
in the attempt to map “6Fe, it is ambiguous, as the SIMS system (providing a mass res-
olution power m/Am = 400) [33], could not differentiate the compound 40Ca 10 from
%Fe due to mass interference (mass resolution of at least 2500 necessary). Glauconite
(K,Na)(Fe3+,Al,Mg)2(Si,A1)4010(OH)2 is present in St. Vaast Formation [28] and is likely to
be identified in this sample, besides the presence of 0.4 wt.% Fe (Table 1) can enhance the
probability of glauconite presence. Based on shape and data acquired by SIMS, the mineral
phase identified is more likely illite (K,H3O)(Al,Mg,Fe),(Si,Al)4O19[(OH),-(H,O)].
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MgO was the only element that was enriched in the sample during the flooding
experiment, showing values of 0.4-0.6 wt.% after flooding compared to <0.3 wt.% in
unflooded samples. The increase in Mg?* has been demonstrated in numerous flooding
experiments, leading to growth of magnesite [9,10]. In the ROI studied with HIM-SIMS
(Figure 4e) magnesite (MgCO3) could not be identified. The increased amount of Mg2+
(Table 1), derived from the injected fluid, is possibly retained in the sample by increasing
the magnesium concentration in present clay minerals. However, this requires further
studies on clays before and after flooding experiments. Two clay minerals identified with
different shapes (Figure 6) may have different concentrations of magnesium. By comparing
the distribution of 2*Mg versus %’ Al, 28Si, and 3°K for 6d-c and 6h-g it is likely that the clay
mineral in 6h has a higher 2#Mg concentration. SIMS may nevertheless not reflect accurate
quantification and additional data, either with the use of standards or by a different method,
is needed.

6. Conclusions

An Upper Cretaceous outcrop chalk sample, where calcite is the most abundant phase
(up to 95 %) with an artificial fracture of a diameter of 2.25 (+0.05) mm, was flooded by SSW
under reservoir conditions (T = 130 °C; p = 12 MPa) at the Norwegian Continental Shelf
over approximately two months. This is a routine experiment regarding IOR research [2,9].
Mg?* is one of the most reactive ions in SSW and the sample increased the bulk MgO
concentration from 0.28 to 0.52 wt.% (Table 1) as expected, e.g., [9,37]. The combination
of high-resolution SE imaging by HIM combined with elemental maps obtained by SIMS,
showed that calcite was in numerous areas covered by other phases, challenging to resolve
with traditional analytical methods such as SEM-EDS. In various research studies within
this field, this observation had not previously been described or monitored ([9,10]) where-
fore the presented study is novel and highlights the need of such analytical approach. In
our case study, we could show that the HIM can identify phases covering the coccolith
surface thoroughly and that high-resolution SIMS imaging allowed us to characterize those
phases chemically which is the major advance using the combined HIM-SIMS. Moreover,
most of the phases can be identified with chemical tools and, in cases, a secondary nature
can even be interpreted. This has tremendous impact on further aspects of wettability
processes and imbibition, as we can now show that calcite surfaces are heterogeneously
covered by other mineral phases. These are novel data for modeling of wettability or other
rock—fluid interaction processes. HIM-SIMS is a highly recommended method in reservoir
characterization of fine-grained rocks when key processes take place on sub-micron and
even nano-scale level. Moreover, sample preparation is very rapid, similar to traditional
SEM-EDS studies. Hence, this technique, HIM-SIMS, opens new horizons for a variety of
research fields within IOR and petroleum geosciences.
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geochemical data of the used samples
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