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ABSTRACT

Efficient and sustainable production of geothermal resources are dependent on several factors, most critically, the maintenance of
open structural pathways for fluid flow. An interconnected fracture system is essential for heat and fluid migration within a reservoir,
particularly in crystalline host rocks where intrinsic permeability is low. Over time, numerous fluid-rock interactions within these
reservoirs lead to mineral nucleation and growth, eventually resulting in partial or complete fracture sealing i.e. reservoir scaling.
This work presents initial findings of microstructural characterisation of calcite scaling in a geothermal system in Kibiro, Uganda.
Electron Backscatter Diffraction (EBSD) reveals that calcite can display a special orientation relationship with quartz involving the
calcite m and quartz a directions. However, when adularia is present at the fracture wall interface alongside quartz, calcite will
nucleate preferentially on adularia via a special orientation relationship involving the ¢ and a directions of both minerals. This
indicates that adularia requires less energy for nucleation and attachment of calcite molecules than quartz. Preliminary observations
suggest that it is not simply host rock lithology determining nucleation and subsequent growth of these fracture sealing minerals, but
the crystal lattice arrangement of specific minerals in the fracture wall assemblage exerting a preferential control.

1. INTRODUCTION

1.1 Background

Calcite precipitation, a common form of mineral scaling in fractured geothermal reservoirs, is the process by which calcite crystals
nucleate and grow out of circulating fluids within fluid flow pathways (Taron and Elsworth, 2009). Fracture scaling occurs via
mineral nucleation by particle attachment, whereby a small precursor mineral or mineral seed bonds onto other particles, either present
in the fracture wall surface, or onto particles within the fluid (Li et al., 2012; Gebauer et al., 2014; Hamm et al., 2014; De Yoreo et
al., 2015). Subsequently, nucleated minerals will grow into the open fracture, eventually leading to full closure. Mineral scaling
presents a problem in the geothermal energy industry, as over time, scaling in a fractured reservoir will inhibit fluid flow and reduce
production and resource efficiency (Batzle and Simmons, 1976, Dobson et al., 2003; Genter et al., 2010; McNamara et al., 2016;
Griffiths et al., 2016). Despite the importance of reservoir scaling, the physical mechanisms which govern mineral nucleation and
growth scaling processes in natural geological systems are still poorly characterised. Furthermore, the physio-chemical conditions
that control these physical nucleation and growth processes are not yet understood.

Fracture sealing mechanisms have been a pressing research topic since the early 1970's (Batzle and Simmons,1976). Both fluid-rock
interactions and the wide array of physical and chemical conditions which occur in geothermal systems can affect the style of
nucleation and mineral growth in a fracture. While chemical supersaturation of the fluid or changes in fluid temperature and pressure
are among the most common factors suggested to influence mineral scaling (Fisher and Brantley, 1992; Sonney and Mountain, 2013),
other contributors are known to exert some level of control also, including fluid velocity (Okamoto and Tsuchiya, 2009), fracture
wall petrography/chemistry (Landrot et al., 2012), microbial influences (Mountassir et al., 2014), fracture wall topography
(Tartakovsky et al., 2007; Huber et al., 2014: Liu et al., 2015), changes in Ph/Eh (Kaczmarek and Thornton, 2017) and the physical
attributes of the mineralising crystal (Urai et al., 1991). With modern advances in microscopy, such as electron backscatter diffraction
and energy dispersive x-ray spectroscopy, mineral crystallography and chemistry characterisation is more readily available, opening
up new research pathways to explore fracture sealing processes (Prior et al., 2009; Bons et al., 2012). The application of such
techniques to understanding mineral scaling in fractured geothermal systems is in its infancy, but the few studies that exist show its
potential (McNamara et al. 2016; Griffith et al., 2016).

Many chemical and physical solutions have been applied to remedy the scaling issue in geothermal systems, including, chemical
scale inhibitors and stimulation (Evanoff et al., 1995; Mella et al., 2006; Portier et al., 2009), magnetic treatments (Parsons et al.,
1997), and pressure control methods (Corsi, 1986; Antony et al., 2011), while controls on the scaling mineral nucleation and growth
process itself have been explored via both experimental research (Rothbaum et al., 1979; Gallup et al., 2003; Izgec et al., 2005) and
numerical modelling (Arndrsson, 1989; Garcia et al., 2006; Kiryukhin et al., 2004). This microanalytical study seeks to determine
crystallographic controls on calcite nucleation and growth in geothermal fractures, and further our understanding of what factors
promote or inhibit these processes. By determining the physical controls on geothermal reservoir calcite scaling, and the conditions
at which they occur, we aim to assist with the development of future tools for preventing, inhibiting, or remediating this problem.
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1.2 Geological Setting

The Albertine Rift System (ARS), situated at the boundary between the Democratic Republic of Congo and Uganda (Figure 1), is the
northernmost segment of the ~2100km set of rifted basins which make up the western limb in the East African Rift System (EARS).
This intracontinental basin sequence is crosscut by multiple transfer zones (Morley, 1999) and contains two distinct rift zones which
are propagating towards each other, adjacent to Lake Albert and Lake Edward respectively (Morley 1999, Koehn et al., 2010). The
study area at Kibiro is located along the Toro-Bunyoro fault (Figure 1B), which is contained within the northern half of the ARS,
striking approx. NE-SW and bordering the eastern edge of Lake Albert. The main Toro-Bunyoro fault cuts directly through exposed
Precambrian basement blocks, comprised of multiple crystalline units ranging in composition from acidic granulties in the north, to
TTG granatoids in the south (Virransalo et al., 2012).

UGANDA

Figure 1: A) From Bahati (2012). The figure above depicts the boundaries of Uganda, with the Kibiro geothermal area
highlighted within the red box. This is the location of the study area. B) Modified from Walters (2015). This inset shows the
individual sample sites along the Toro-Bunyoro fault, which runs adjacent to Lake Albert in the West.

Although there is no evidence of magmatism near the Lake Albert rift zone, geothermal activity is observed at the Kibiro site which
contains a significant geothermal gradient (Bahati, 2012). Multiple zones of paleo and present-day circulation, evidenced by the
presence of hydrothermal vents and fluid seeps on faults, and hydrothermal alteration of the country rock, have been noted in the
Toro — Bunyoro area (Walters, 2016). Hydrothermal fluids circulate within the subsurface via heavily fractured basement rocks
controlled strongly by regional structures (Walters, 2016). Electrical resistivity surveying (Bahati, 2012), supported by 300m drill
holes, show fluids can circulate to large depths by these structures. Integrated fluid inclusion analysis, isotope studies, microstructural
observations, geochemical analysis, and petrological investigation carried out by Walters (2016) identifies four main stages of fluid
circulation. The first phase (Figure 2A), is characterised by the deposition of chlorites and sulphides, as well as a slightly later
generation of high temperature calcite (170-200°C). The following phases consist of a high temperature mineralisation of adularia,
followed by polyphase mineralisation of lower temperature (<100°C) calcite.
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Figure 2. Modelled after (Walters, 2016). A) Diagram showing the four stages of fluid circulation in the Kibiro geothermal
zone. B): Fluid inclusion results from late stage calcite mineralisation placing formation temperatures at approx. 70°C.
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2. MATERIALS AND METHODS

2.1 Samples and Sample Preparation

The vein samples taken at site UG 13.05 and UG 13.33 were sampled approx. 20km apart and were situated adjacent to the main fault
core (Figure 1B), where both vein sets were hosted in an Archean quartzo-feldspathic gneiss unit (Walters, 2016). Thin sections
analysed in this work measured 30 pm in thickness and underwent diamond polishing (1 pm). This was followed by mechanical and
chemical polishing using colloidal silica, to promote sharper pattern collection for mineral indexing during EBSD (Prior et al.1996).
Each of the thin sections was coated in approx. 10 nm of carbon, and copper tape was applied to the edges of each slide. Both copper
tape and carbon coating were used to reduce build-up of electron charge on the sample surface during EBSD acquisition.

2.2 Electron Backscatter Diffraction (EBSD)

EBSD data collection was done using a FEI Quanta 650: Field Emission Scanning Electron Microscope at the University of Leeds,
United Kingdom. During acquisition, a working distance of ~20mm was used, with an acceleration voltage of 25kV and a beam
current of ~50 nA. EBSD map data was collected using AZTec. All initial processing was carried out using AZTec, while post
acquisition processing was done using HKL Channel5. Data was collected at a step size of 10 pm.

EBSD phase ID and orientation relationship component maps were created using the Tango software module from HKL Channel 5,
and the interphase relationships between the fracture wall and vein fill minerals were analysed. Orientation relationships were
examined for all crystallographic plane/direction pairings between fracture wall quartz/vein calcite and vein adularia/vein calcite.
The misorientation distribution for crystallographic directions between different phases is examined to identify any special orientation
relationships.

3. RESULTS
3.1 Vein 13.33 — Relay Zone

3.1.1 Petrography

Figure 3: A) Phase ID EBSD map of sample UG 13.33 displaying a first-generation calcite vein hosted in deformed quartzo
feldspathic gneiss (blue and pink) and the smaller second-generation calcite vein. Calcite is in grey, quartz is in blue, anorthite
is in pink and adularia shown in turquoise. B) Close up image of the secondary vein wall/mineral interface showing adularia
phase adjacent to fracture and calcite mineralisation within. C) Light microscope image in XPL showing dark groundmass
cross cut by multiple generations of calcite veining.

Sample 13.33 is made up of a foliated quartzo-feldspathic gneiss made up of predominately quartz and anorthite clasts, with some
small microcline clasts present (Figure 3A). Anorthite clasts are small (sub mm to 0.2 mm) and show evidence of alteration and
replacement to chlorite. Quartz clasts are larger (sub mm — 2 mm) and are highly deformed. There are multiple stages of veining in
this sample, an older vein, Vein I, <2mm in width, filled with highly twinned calcite that displays sericitic alteration (Figure 3), and
a younger stage vein, Vein II, that displays multiple scaling events the first of which is adularia, followed by a later scaling of
undeformed calcite (Figure 3B).

3.1.2 EBSD

In Vein I, scaling calcite displays a special orientation relationship with quartz in the fracture wall rock. This relationship is defined
by a 45 misorientation of the calcite <m> direction on the quartz <a> direction (Figure 4). In Vein II, this special orientation
relationship between scaling calcite and wall rock quartz is absent (Figure 5). When the calcite/adularia phase relationship is examined
in Vein II, a strong special orientation relationship is observed between these minerals defined by a misorientation of 35 of the calcite
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<a> direction on the adularia <a> direction. Figure 6 shows that the majority of calcite/adularia interfaces display this special
orientation relationship.
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Figure 4: The figure above quantifies the geometric relationship between Calcite <m> and Quartz <a> crystallographic
directions. A) Graph displaying the relative frequency of the angle of misorientation/deviation in Vein I between two mineral
phases in the <a> and <m> directions, Quartz and Calcite. B) EBSD phase map showing host rock quartz in grey and vein
calcite in yellow, with the special orientation relationship of 45° misorientation highlighted in red.
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Figure 5: The figure above quantifies the geometric relationship between Calcite <c> and Quartz <c> crystallographic
directions. A) Crystallographic blueprint of Calcite (Trigonal) and Quartz (Trigonal) with relevant directions highlighted.
B) Graph displaying the relative frequency of the angle of deviation in Vein II between two mineral phases in the <c> direction,
Quartz and Calcite.
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Figure 6: The figure above quantifies the special orientation relationship between Calcite <a> and Adularia <a>
crystallographic directions in Vein I1. A) Crystallographic blueprint of Calcite (Trigonal) and Adularia (Monoclinic) with
relevant directions highlighted. B) Graph displaying the relative frequency of the angle of deviation in Vein II between two
mineral phases in the <a> direction, Adularia and Calcite. C/D) EBSD phase maps of Vein II, highlighting the special
orientation relationship between Calcite <a> and Adularia <a> with a misorientation of 25-30°. Mineral phases are calcite
(yellow) and adularia (grey) with the orientation relationship boundaries between phases shown in red.

3.2 Vein 13.05 — Fault Core

3.2.1 Petrography

Figure 7: A) Light microscope image of Sample 13.05 in XPL showing the main calcite vein hosted in deformed quartzo
feldspathic gneiss. B) Close up image of the vein wall/mineral interface showing adularia phase adjacent to fracture. C) Phase
ID EBSD map of same calcite vein seen in A and B, showing quartz in blue, adularia in grey and calcite in yellow.



Scully et al.

Sample 13.05 is predominantly comprised of a fine-grained, dark matrix with cataclastic fault gouge texture throughout, within
quartzo-feldspathic gneiss, which is interspersed with calcite veins (Figure 7A). Clasts can be observed in the fault gouge and are
primarily composed of quartz and feldspars, typically <2 mm in size which show evidence of brittle damage. The calcite veins within
this sample (Figure 7A) range in width between 0.2 mm and 1mm, with some of the smaller veins also containing the hydrothermal
k-feldspar, adularia. Adularia is also found as a hydrothermal alteration mineral within the wall rock surrounding some of the
hydrothermal veins.

3.2.2 EBSD

Lattice correlation boundary maps and misorientation distribution analyses reveal a special orientation relationship between adularia
and calcite (Figures 8 and 9). This is defined by both a misorientation of 85 of the calcite <c> direction on the adularia <c> direction,
and a 25-30 or a ~65 misorientation of the calcite <a> direction on the adularia <a> direction. A further special orientation relationship
is also observed between vein calcite and quartz in the fracture wall, defined by a 45 misorientation of the calcite <c> direction on
the quartz <c> direction (Figure 10). This relationship is minor and occurs less frequently in this sample compared to the interface
relationship between calcite and adularia.
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Figure 8: The figure above quantifies the special orientation relationship between vein calcite <a> and alteration mineral
adularia <a> crystallographic directions. A) Crystallographic blueprint of calcite (trigonal) and adularia (monoclinic) with
relevant directions highlighted. B) Graph displaying the relative frequency of the angles of deviation/misorientation of 25-30°
and the lesser relationship of 65-70° between calcite and adularia <a> directions. C) EBSD phase map displaying the special
orientation relationship between calcite <a> on adularia <a> by misorientations of both 25-30° and 65-70°, mineral phases
are calcite in yellow, quartz in blue, adularia in grey and anorthite in pink. D) Cut-out of the special relationships in more
detail.
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Figure 9: The figure above quantifies the special orientation relationship between vein calcite <a> and alteration mineral
adularia <a> crystallographic directions. A) Crystallographic blueprint of calcite (trigonal) and adularia (monoclinic) with
relevant directions highlighted. B) Graph displaying the relative frequency of the angle of deviation/misorientation of 85°
between calcite and adularia <a> directions. C) EBSD phase map displaying the special orientation relationship between
calcite <a> on adularia <a> by misorientation of 85°, mineral phases are calcite in yellow, quartz in blue, adularia in grey and
anorthite in pink. D) Cut-out of the special relationships in more detail.
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Figure 10: The figure above quantifies the special orientation relationship between calcite <c> and quartz <c>
crystallographic directions. A) Crystallographic blueprint of calcite (trigonal) and quartz (trigonal) with relevant directions
highlighted. B) Graph displaying the relative frequency of the angle of deviation/misorientation of 45° between quartz and
calcite in the <c¢> direction. C) EBSD phase map displaying the special orientation relationship between calcite <c> on quartz
<c> by a misorientation of 45°, mineral phases are calcite in yellow, quartz in blue, adularia in grey and anorthite in pink. D)
Cut-out of the special relationship in more detail.
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4. DISCUSSION

Our data shows that there is a clear crystallographic control on the nucleation and subsequent growth of calcite in geothermal veins
in the Kibiro area. From previous work (Walter, 2016) we know vein calcite precipitation occurred in two stages in this region, an
older, high temperature stage (170-200°C) and a younger, lower temperature stage (~70°C). Out of the two sites examined, only one
location (UG 13.33) shows evidence of the older stage, high temperature vein calcite precipitation. In this vein our EBSD data shows
that scaling calcite shows a preference to nucleate on quartz in the fracture wall via a special orientation relationship (defined by a
45° misorientation of calcite <m> direction on the quartz <a direction>). This shows a clear control on calcite scale nucleation by the
mineralogy of the fracture wall rock.

These older calcite sealed fractures are cross-cut by a younger generation of fractures, which are present in both samples. The younger
fractures in sample UG 13.33 are subsequently sealed first by adularia, followed by a later calcite event (low temperature stage,
~70°C). Calcite precipitation in these younger fractures occurs on both quartz and adularia. Adularia is also present as a wall rock
alteration mineral in sample UG 13.05. EBSD data shows a special orientation relationship between vein calcite and both forms of
adularia. There is a common special orientation relationship between calcite and both alteration and vein adularia, which is the 25-
30° misorientation of the calcite <a> direction on the adularia <a> direction. This relationship is ubiquitous across all samples. A
second, less common special orientation relationship exists between alteration adularia and vein calcite, defined as a misorientation
of ~65° of the calcite <a> direction on the adularia <a>. Additionally, in this same sample there is a further, subordinate special
orientation relationship between alteration adularia and vein calcite, defined by the <c> directions of calcite and adularia with an 85°
misorientation. Adularia appears to be exerting control over calcite nucleation at all localities, with slightly different geometric
controls depending on its occurrence, vein or host-rock alteration. This could be a result of textural and morphological differences
between the two forms of adularia, or available free-space for calcite growing from these different adularia forms. Future work will
explore this theory in greater detail.

A minor special orientation relationship is observed in one example (UG 13.05) between quartz and calcite, where the calcite <c>
direction is misoriented at an angle of 45° to the quartz <c> direction. So while calcite nucleation is occurring on both adularia and
quartz sites, by far the adularia surfaces seem to be preferred, particularly for calcite <a> via a 25°- 30° misorientation on the adularia
<a> direction. These findings further demonstrate control on calcite nucleation in geothermal fractures by the mineralogy and of the
wall rock.

Observations from both veins infer that calcite prefers to nucleate on adularia over quartz, when both are available in the fracture
wall. However, we do observe that calcite will nucleate on quartz when adularia is absent. Calcite is known to prefer heterogeneous
particles rather than homogenous for attachment i.e. non-calcite (Granasy et al., 2007; De Yoreo et al., 2015), so both quartz and
adularia should potentially be viable sites for attachment. However, the findings of our study show a clear preference for nucleation
on adularia at both localities, therefore we must consider other factors contributing to the selection process of calcite as it chooses
adularia over quartz. As mentioned previously, fluid inclusion work carried out by Walter (2015) places the later stage calcite
formation temperatures between 55 and 70 °C, a low temperature range for geothermal calcite precipitation. Low temperature regimes
affect mineral nucleation and crystallisation rates by reducing factors such as kinetic energy, diffusion rate, and supersaturation,
therefore activation occurs less readily than in a higher temperature environment (Dalas and Koutsoukos, 1990; Schobesberger et al.,
2010; Mc Graw et al., 2017). In this type of low temperature regime, where nucleation activation energy must work harder to
overcome the free energy within the system, factors such as interfacial surface tension and surface area of the potential nucleation
site become more important factors in the path to successful nucleation (Li et al., 2012; Gebauer et al., 2014; Hamm et al., 2014; De
Yoreo et al., 2015). In addition to this, recent work on nucleation theory proposes that pre-nucleation, the mineral seed or precursor
will rotate within the fluid until a favourable lattice alignment is found for attachment (Li et al., 2012), so good structural compatibility
between the mineral seed nuclei and the attachment site can play a significant role (Jun et al., 2016).

If we apply the idea of limiting factors such as varying surface energies or the necessity for favourable physical alignment for
nucleation to our own results, a common element emerges. If calcite is indeed attempting to attach to a surface with preferable
conditions for nucleation, it is possible that the main significant difference between quartz and adularia is crystal structure of the
minerals themselves. Higher crystallographic complexity has a greater potential to contain multiple crystal faces, smaller surface
areas on these faces, and differing growth directions associated with variable growth rates in comparison to simpler crystallographic
forms. This can result in unfavourable surface tensions discouraging nucleation (Che et al., 1998; Michaelides and Scheftler, 2012;
Ringe et al, 2013). Adularia, being monoclinic by nature and more simplistic structurally, naturally provides fewer possible geometric
choices in terms of available attachment surfaces, and as such more favourable surface energies, thus promoting itself as a nucleation
site. This hypothesis is supported by similar behaviour in previous experimental studies, where it is observed that calcite preferentially
nucleates on mica, another crystallographically simplistic mineral, over quartz, thereby highlighting the importance of interfacial
energies in the nucleation process (Li et al., 2014). In addition to this, with its limited choice of orientations to use as a template,
adularia most likely has a higher probability for favourable alignment while the particle rotates and matches up pre-nucleation (Li et
al. 2012), than the more structurally complex trigonal crystal, quartz.

Attachment onto selective crystal faces has been observed previously by Zhang et al. (2017) and was labelled as oriented attachment,
where the adhesion free energy on the attachment surface increases dramatically when lattice alignment occurs. Our results show a
strong alignment of the <a> directions in both localities for calcite and adularia, a repeated behaviour which is not observed in the
quartz/calcite relationship. The <a> lattice direction appears to be the dominant special orientation direction, so it is potentially the
geometric combination with the lowest formation energy atomically (Zhang et al., 2017). When we compare the two different calcite
phases, high temperature (170-200°C) nucleation on quartz and lower temperature (approx. 70°C) nucleation on adularia, it could be
argued that the higher kinetics in the hotter system significantly affect the criteria for nucleation. Crystallography does not appear to
be as dominant a factor in the older calcite mineralisation as it does in the lower temperature event, where the smallest difference in
atomic energies can direct mineral attachment onto specific surfaces. However, in systems where this atomic energy is critical for
successful calcite nucleation, it seems highly probable that crystallography plays an important role in this geothermal scaling process.
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CONCLUSIONS

Identifying adularia as a control for mineral scaling and understanding the role that temperature and crystallography play in this
process is crucial information for furthering our understanding of reservoir scaling processes. Due to the undesirable presence of
calcium carbonate scale in many geothermal fields worldwide, the identification of a controlling factor such as this may be key to
developing future reservoir scaling solution toolkits. Temperature of reinjected fluids is a parameter which can be regulated, as is
identifying reservoir lithologies and potentially searching for the presence of adularia in a system. While these factors are only two
in a range of controls, identifying them is another step along the road to more efficient, practical management of geothermal
production issues.
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