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Abstract: Previous studies have shown that different parameters such as reservoir conditions
(e.g., pressure, temperature, and brine chemistry) and wellbore hydraulics influence the scaling
tendency of minerals on the surfaces of completion tools in conventional resources. Although different
studies have investigated the suitable conditions for the precipitation of scaling minerals, there is still
a lack of understanding about the composition of the scaling materials deposited on the surfaces of
completion tools in thermal wells. In this study, we presented a laboratory workflow combined with
a predictive toolbox to evaluate the scaling tendency of minerals for different downhole conditions
in thermal wells. First, the scaling indexes (SIs) of minerals are calculated for five water samples
produced from thermal wells located in the Athabasca and Cold Lake areas in Canada using the Pitzer
theory. Then, different characterization methods, including scanning electron microscopy (SEM)
with energy dispersive X-ray spectrometry (EDS), inductively coupled plasma mass spectrometry
(ICP-MS) and colorimetric and dry combustion analyses, have been applied to characterize the mineral
composition of scale deposits collected from the surfaces of the completion tools. The results of the SI
calculations showed that the scaling tendency of calcite/aragonite and Fe-based corrosion products
is positive, suggesting that these minerals can likely deposit on the surfaces of completion tools.
The characterization results confirmed the results of the Scaling Index calculations. The SEM/EDS
and ICP-MS characterizations showed that carbonates, Mg-based silicates and Fe-based corrosion
products are the main scaling components. The results of dry combustion analysis showed that the
concentration of organic matter in the scale deposits is not negligible. The workflow presented in
this study provides valuable insight to the industry to evaluate the possibility of scaling issues under
different downhole conditions.

Keywords: thermal wells; scaling index; Pitzer theory; SEM/EDS; ICP-MS

1. Introduction

Steam-assisted gravity drainage (SAGD) wells are a critical part of the energy supply chain
in Canada. The oil production rate from these thermal wells is generally lower than that from
conventional wells. The oil flow rate in these wells is affected by scale formation and plugging material
precipitation. These materials create a barrier for the oil flow, leading to a reduction in the oil flow rate.

The main reason for downhole solid precipitation is the disturbance of the thermodynamic
equilibrium that exists between underground fluids and their surroundings, which occurs due to
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drilling and production operations. These deposits may have an organic nature, when they are
generally called “wax” or “asphaltenes” [1-3], or may have an inorganic nature, when they are called
“scale” [4,5]. The thickness of the developed scale in thermal wells is variable, depending on the
pressure, temperature and water chemistry of the well; however, in general, the thickness may range
from 0.7 cm to more than 3 cm, leading to a 10-45% fluid restriction [6]. Furthermore, the type of
the scales used in the petroleum industry varies considerably. Habibi et al. (2020) [7] categorized
the mineral composition of scale deposits removed from completion tools. They showed that the
inorganic scale deposits are mainly silicates, carbonates and corrosion products. The iron-based
scales are reported to be a result of the corrosion in the tubulars. The location of scale deposition
may be anywhere inside the formation—e.g., around the wellbore, in the production string or inside
perforations—which may lead to a considerable decline of production [8]. In addition to the loss of
production, as displayed in Figure 1a, subsequent scale removal or the application of scale inhibitors
may cost up to USD 1.4 billion annually [9]. As depicted in Figure 1b, of the major production loss
factors in the North Sea region, scale contributes to 28%, and a similar trend is expected for mature
fields around the world [8].

Total Scale Cost at USD 1.4 Billion Production Loss

North and South
America, - Water Cut
44%

USD 600M

Russia,
USD 140M

Africa/Far Fast,
USD 160M

(@) (b)

Figure 1. (a) World-wide cost of scale treatment and (b) production loss due to different processes in
the North Sea (modified after [8]).

Cleaning methods are essential for increasing or maintaining production rates and lowering the
damage to the downhole equipment. They are generally divided into two main groups: chemical
and mechanical. The chemical methods of scale removal depend on the solubility of scale deposits in
acids, water or other chemicals. For example, calcite, sulfide, oxide, dolomite and hydroxide scales are
sensitive to pH, meaning that acids (usually HCI) can dissolve these components. On the other hand,
sulfates (calcium sulfate, barium sulfate, strontium sulfate, or barium strontium sulfate), phosphates
and ferricyanide are insensitive to pH, meaning that other chemicals—e.g., chelating agents—can
dissolve these components [10]. Moreover, iron-based scale deposits are the corrosion products of
metallic surfaces due to the presence of dissolved oxygen, hydrogen sulfide [11] and dissolved CO», all
of which are acid-soluble. Using chemical methods for cleaning the thermal wells may be challenging;
for instance, acids can corrode the chrome surfaces of downhole equipment even at temperatures
higher than 360 K.

The mechanical methods include a wide range of techniques, such as re-perforating, reaming,
sonic methods and scrapers. A major challenge in mechanical scale removal in SAGD wells is that
the scale deposits not only form inside tubulars but also develop inside the sand control devices’
openings and plug them. The scale formed inside production pipes could be removed by typical
mechanical methods; however, to remove scales inside slots, other advanced and special techniques,
such as electro-hydraulic stimulation tools which generate strong shockwaves, can be employed [7]. If
none of the cleaning procedures prove to be effective in conventional wells, several techniques can
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be employed. These include (i) side tracking (deviation of the well), (ii) deepening of the well, (iii)
installing an orifice at the wellhead (to provide higher pressure in the well and reduce scale formation),
(iv) increasing production casing diameter and (v) spreading the scale formation zone into places
where cleaning is possible (e.g., from inside the reservoir to inside the tubing). Finding the best
method for cleaning the plugged thermal wells is not straightforward as different parameters affect
the scaling behavior of minerals. To select a proper remedial technique for cleaning the plugged wells,
it is necessary to (i) improve our understanding of how reservoir conditions (temperature, pressure
and water chemistry) affect the precipitation process and (ii) more precisely measure the mineral
composition of the plugging materials.

In this study, we presented a laboratory workflow for the characterization of the mineralogy of
scale deposits combined with a predictive toolbox for estimating the scaling tendency of minerals for
different produced water samples. First, the predictive toolbox was used for water samples collected
from five thermal wells located in the Athabasca and Cold Lake areas (with a typical reservoir pressure
of 800 kPa, an initial reservoir temperature of 8 °C, an operating temperature ranging from 90-180 °C,
an oil API gravity ranging from 8.05-10.71, an oil viscosity at 24 °C ranging from 65-323 Pa.s and
an average oil saturation of 0.75). To predict the scaling tendency of the minerals dissolved in water
solution, we used the PHREEQC 3, (U.S. Geological Survey, Denver, CO, USA) software package.
This package is free of charge and widely used as software in the field of geo-chemistry. More details
about this software are presented elsewhere [12]. Second, to implement the laboratory workflow, we
analyzed five solid scale samples collected from thermal wells. These materials were attached to the
surfaces of the completion tools. Finally, we compared the characterization and prediction results.

2. Pitzer Theory

The Pitzer theory, as a thermodynamic model, has been used by different geo-chemical software
to model the scaling tendency of minerals present in an aqueous solution [13-18]. This model uses
virial coefficients depending on pressure, temperature and ionic strength. Therefore, it can predict
the thermodynamic properties of minerals for a wide range of temperatures, pressures and ionic
strengths of a solution [19-21]. The saturation ratio (SR) is a thermodynamic parameter used to
predict the scaling tendency of minerals dissolved in the aqueous phase (Equation (1)) [8]. The SR for
each mineral is defined as the ion activity product divided by its thermodynamic solubility product
(Equations (2) and (3)). This ratio reflects the composition of a product in a real state to that in a
saturation state.

(My+ X, )s + nH0 «— vy Mo +v X7 1)
- v Vg V-
SR — Ion-activity product _amtoxax @)
Ksp Ksp
Kop = (ms x Ap)"* x (m— x A_)" ®)

where M, + and X, - are cationic and anionic species in the aqueous phase, respectively; n,v4 and v_
are stoichiometric coefficients; a; and ax are the activity of cationic and anionic species, respectively;
Ksp, m4, and m_ are the solubility products (depending on the temperature and pressure), the molality
of the cation and the molality of the anion, respectively; and A4 and A_ are the activity coefficients of
the cation and anion, respectively, which are calculated based on the excess Gibbs free energy. Details
about calculating the activity coefficient of ions are presented elsewhere [22].

An important limitation of the Pitzer theory is the lack of available virial coefficients at high
pressures and temperatures. Therefore, the prediction of minerals solubility under these conditions
may lead to inaccuracies. Several studies have investigated the mineral solubility for specific systems
to measure the virial coefficients used in the Pitzer theory [16,23-25]. For example, Shi et al. (2012) [26]
showed that predicting the barite solubility without considering the pressure dependency of the virial
coefficients resulted in a barite solubility 27% less than the measured value at 110.3 MPa and 200 °C in
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6 m NaCl solutions. Therefore, more experimental data at high pressures and temperatures are needed
to extend the applicable range of the Pitzer theory.

The SI of a mineral is the logarithm of the SR Equation (4). There are three different scenarios for
an aqueous system with dissolved minerals, as shown in Equation (5). The precipitation of a mineral
can occur when a solution is supersaturated with that mineral; otherwise, the mineral stays soluble in
the aqueous phase.

SI = log;((SR) 4)

>0, Supersaturated
=0, Equilibrium ©)
< 0, Undersaturated

SI

Calculating the SI for minerals dissolved in reservoir brine (high electrolyte solution) can provide
useful information to better understand the possibility of mineral precipitation under reservoir
conditions. In this study, we calculated the SI for minerals dissolved in different water samples
in a wide range of temperatures (288-498 K).

3. Materials

Five solid scale samples were collected from different completion tools used in thermal wells.
These tools were plugged during oil production due to the deposition of these minerals. Hydrofluoric
acid and nitric acid were used to dissolve scales for ICP-MS analysis. Atropine was used as an external
standard in the dry combustion tests. To perform each step of characterization, samples were prepared
with a specific procedure, as presented in the methodology section.

4. Methodology

A laboratory protocol was implemented to characterize the mineral composition of the scale
deposits. Figure 2 shows a flowchart of the characterization methods used to evaluate the mineralogy
of these samples collected from the completion tools in thermal wells. This protocol is composed
of four different steps: (I) SEM/EDS analysis to visualize and evaluate the elemental spectrum of
the scale deposits, (II) ICP-MS analysis to quantify metallic components, (III) colorimetric analysis to
quantify the sulfate and chloride components and (IV) dry-combustion analysis to quantify the organic
and inorganic carbon contents of these samples.

Characterization methods for evaluating the mineral composition
of depositing materials

I
| !

Dry analysis Wet analysis

| |
l l l l

SEM/EDS Dry combustion ICP-MS Colorimetric

Figure 2. Characterization methods used to evaluate the mineral composition of materials deposited
on the surfaces of the completion tools.

4.1. SEM/EDS Analysis

SEM/EDS analysis was used to visualize the scale sample and evaluate its elemental structure.
Samples collected from the completion tools were dried and crushed using a pestle and mortar
to prepare the powder required for the analysis. A Zeiss Sigma Field Emission Scanning Electron
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Microscope (FESEM-300 VP) was used to visualize the scale samples. The microscope was equipped
with a Bruker EDS beam to evaluate the elemental analysis of the samples.

4.2. ICP-MS Analysis

A Perkin Elmer’s Elan 6000 ICP-MS was used to quantify the metallic components of the samples.
To perform the ICP-MS analysis, a series of preparation steps was performed as follows.

e  The solid sample was crushed using a pestle and mortar to prepare powder.

To prepare the liquid solution, 0.2 g of the powder was mixed with 8 mL hydrofluoric acid and
2 mL nitric acid in a container.

The mixture was placed on a hotplate at 130 °C until it became completely dry.

Five milliliters of hydrochloric acid and 5 mL nitric acid were added to the container. The mixture
was heated at 130 °C until it became dry again.

e  Ten milliliters of nitric acid (8N) was added to the container, and the mixture was heated at 130 °C
for several hours. Acid washing and drying steps with different portions of hydrofluoric and
nitric acids were performed to ensure that the scale deposits were completely dissolved in acids.

o To prepare a diluted sample, the mixture and deionized water were mixed in a 15 mL tube.

One milliliter of the diluted sample was mixed with 0.1 mL nitric acid, 0.1 mL internal standards
(In, Bi, and Sc), and 8.8 mL deionized water. These standards were added to ensure that the
instrument accurately measured the ions concentration. The final solution was shaken thoroughly
to prepare a uniform sample for the ICP-MS analysis.

4.3. Colorimetric Analysis

To evaluate the concentration of sulfate (S04 ~2) and chloride (CI~!) species, a Thermo Gallery
Plus Beermaster Autoanalyzer was used. This characterization method is based on color reactions.
First, the solid powder (the preparation steps for the powder was the same as previous analyses)
was mixed with deionized water at a 1:5 weight ratio. Since the amount of available solid sample
was limited, the ratio of 1:5 was selected; however, a weight ratio of 1:2 is recommended if there is
sufficient solid sample available. Second, the mixture was shaken for 30 min, centrifuged at 6000 rpm
and filtered using a syringe with a 0.45 um pore size. Third, the sample and reagents (depending on
the characterization method for each component) were injected into the reaction cuvettes. Colored
complexes were generated after chemical reactions. The intensity of the color change in the mixture
depended on the concentration of solutes (Beer—Lambert law) [27,28]. Fourth, this intensity was
measured by light absorbance at a specific wavelength (430 nm for SO, 2 and 510 nm for C1~!). The
ferrithiocyante method (US Environmental Protection Agency (EPA) Method 325.2) [29] and barium
chloride turbidimetric method (EPA Method 375.4) [30] were used as references for the characterization
of C17! and SO, 2, respectively. Due to the limited available amount of solid samples, we could not
use this instrument to quantify the concentration of HCO3~! and CO; 2. To distinguish the inorganic
and organic carbon contents of the solid samples, dry combustion analysis was performed.

4.4. Dry Combustion Analysis

To evaluate the total carbon (TC) and total organic carbon (TOC) contents in the solid samples,
a Thermo FLASH 2000 Organic Elemental analyzer was used. The flash combustion method is the
basis of this instrument. The complete combustion of the sample was achieved by placing the sample
into a combustion tube. Several combustion reactions occurred in the tube at high temperatures
(1800-2000 °C); as a result, the TC content was converted to CO,. Then, the CO, gas was separated in a
chromatographic column followed by quantitative detection by a thermal conductivity detector. More
details about the operational procedure of this instrument are presented elsewhere [31,32]. Atropine
was used as an external standard. The TC content of the atropine (with 70.56 wt% TC) was measured
and compared with its reported TC value.
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To quantify the TOC contents, several steps were performed. First, the weight of the solid sample
was measured in an open cell, followed by mixing with 50 uL hydrochloric acid. Then, the mixture
was dried at 40 °C overnight. The difference between TC and TOC is the total inorganic carbon (TIC)
content. This parameter represents bicarbonate and carbonate together.

5. Results and Discussions

This section presents the prediction and characterization results. The SIs of minerals for the five
water samples produced from the thermal wells and characterization results for five solid samples are
presented.

5.1. SI Prediction

To calculate the SIs of minerals in an aqueous phase, the water chemistry analysis of the water
sample was required. Table 1 lists the chemical analysis of the produced water samples from five
thermal wells in the Athabasca and Cold Lake areas.

Table 1. Water chemistry analysis of the produced water from five thermal wells located in the
Athabasca and Cold Lake areas. Values are in ppm.

Species A B C D E
Na 266 78 452 380 194
K 155 163 190 201 3.6
Ca 998 174 397 474 567
Mg 35 06 1.0 1.1 214
Ba 026 0.02 003 0.09 0
Sr 04 004 017 023 0
Cl 141 261 3232 233 404
SOy 43 335 313 2144 461
Fe 0.07 0.28 0 0 0
Alkalinity as HCO3 450 160 400 370 708
pH 795 747 758 719 8.04

Figure 3 shows the SI versus temperature for the water samples listed in Table 1. Since the
constituents of water samples for wells A and B are the same, the scaling minerals are similar for
these water samples. The main difference between these water samples is the concentration of species.
The concentration of all species in sample A is higher than that of water sample B, except for iron (Fe).
First, the main scaling minerals for samples A and B are iron-based components; these include hematite
(Fe203), goethite (kFeOOH) and iron (III) hydroxide (Fe(OH)3). The corrosion of the completion tools
can result in the formation of iron-based products in the water solution. One source for corroding iron is
the dissolved oxygen in the process of formation or injected water and very hot gases [8]. However, the
steam used in the SAGD process is deaerated. Therefore, it provides a limited amount of oxygen for the
corrosion of metal surfaces. Another source for corroding iron in SAGD operations is acid gases (CO,
and H;S). These gases are the product of a chemical reaction between the steam condensate and sulfur,
nitrogen and oxygen components present in the bitumen when it is heated up to 180 °C [33]. Table 2
lists the available data in the literature about the volume of produced CO, and H,S per m? of bitumen
in the Athabasca and Cold Lake areas [34]. The dissolution of acid gases in water under downhole
conditions can result in the corrosion of metal surfaces. It should be also noted that the pH values listed
in Table 1 are the results of the water analysis performed at the surface conditions. Acidic water (low
pH values) at elevated temperatures and pressures is expected as the dissolution of acid gases in water
under downhole conditions is higher than that under surface conditions [35]. Second, barite (BaSO,)
can also precipitate when T < 330 K. Third, SI values for calcite and aragonite increase when increasing
the temperature. Calcite (hexagonal) and aragonite (orthorhombic) are two carbonate polymorphs [36].
The maximum SI values for calcite and aragonite are 1.4 and 1.46 at 498 K, respectively.
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Figure 3. Scaling Index versus temperature for (a) well A, (b) well B, (c) well C, (d) well D and (e) well
E. The main scaling minerals for samples A and B are Fe;O3, «FeOOH and Fe(OH)3. Samples C and

D are Fe-free samples. For these samples, CaCOj3 can precipitate. CaMg(COg3), can precipitate from
sample E when T < 398 K.
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Table 2. Average volume of CO, and H,S produced per m? of bitumen at 240 °C. These data were
extracted from core analysis [34].

. H,S(Lit) CO (Lit)
Location Bituzmen(m3) Biturrzwn (m?3)
Athabasca 68 3660
Cold Lake 213 13,860
Cold Lake 18 15,850

Water samples C and D are iron-free samples. SI values for calcite and aragonite are positive,
suggesting the formation of carbonate scale. Moreover, the SI for barite in sample D is positive when
T < 330 K. This indicates that barite is soluble in water at T > 330 K.

The water sample E has the highest Mg and Ca concentrations among all water samples, implying
the formation of dolomite in the temperature range of 288-498 K, as shown by the positive SI in
this range (Figure 3e). The SI of dolomite for well E follows a nonlinear trend, increasing with the
increasing temperature up to 398 K. The maximum Sl is 2.79 at T = 398 K; then, it decreases with a
further increase in temperature. This result shows the possibility of dolomite precipitation at 398 K.
Although no data are reported in the literature about dolomite precipitation at the laboratory-scale, it
can precipitate over a long period of time at the field scale [15] .

5.2. Characterization of Scale Deposits

In this section, the characterization results of the scale samples deposited on the surfaces of
the completion tools are presented. These characterization analyses include SEM/EDS, ICP-MS,
colorimetric and dry combustion analyses.

5.2.1. SEM/EDS Analysis

Figure 4 shows the SEM image and EDS spectrum for different regions of the first scale sample.
Each region has a specific spectrum composed of different peaks. This variation shows the mineral
heterogeneity of the scale samples. This observation is in agreement with previous studies that
showed the mineral heterogeneity of depositing minerals [7,37]. In this sample, there are four
regions with different components: (1) organic matter, (2) iron sulfide, (3) Mg-based silicates and (4)
calcite/aragonite.

Figure 5 shows the SEM image and EDS spectrum of the second scale sample. Two different
regions are highlighted with yellow squares. Region 1 is rich in iron and oxygen, which suggests the
presence of corrosion products (hematite, goethite and iron (III) hydroxide) in this region. Silicon,
aluminum and oxygen peaks are strong in region 2, which implies the presence of silicate minerals.
The visualization results of SEM/EDS analysis are in agreement with the scaling tendency results
calculated based on the chemical analysis of the water samples produced from thermal wells and
the Pitzer theory. Calcite/aragonite, iron-based products and silicates are the main scaling minerals,
as indicated by the positive SI values.
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5.2.2. ICP-MS Analysis

Table 3 lists the concentration of metallic ions present in the five solid samples collected from the
completion tools in the thermal wells. There is a significant difference between the ion concentrations
in the produced water samples and scale deposits. This can be explained by the precipitation of
minerals on the surfaces of the completion tools under downhole conditions during the production
period and the reduction of ion concentration in the produced water.

The most abundant element is Ca, with a concentration in the range of 189,722-231,151 ppm. This
high Ca concentration indicates the presence of Ca-based components in the scale deposits. These
components could be calcite and aragonite. The second element is Fe, and its concentration changes
from 14,487 to 89,447 ppm. It is unlikely that the source of this amount of iron is the reservoir brine
because the iron concentration in the reservoir brine is typically less than 0.1 ppm. The main source
of iron (Fe(OH)3, FeOOH, Fe,O3) is the corrosion of the metallic surfaces of the tubular. Another
possibility could be the detachment of rock fragments such as siderite (FeCO3) from the rock surface
and their accumulation on the scale deposits. Therefore, several types of iron-based components can
deposit on the surfaces of the completion tools, resulting in the plugging of the open-to-flow areas and
a subsequent reduction in the oil production rate.

The third element is Mg, with a concentration in the range of 5119-7763 ppm. The presence of Mg
shows the precipitation of Mg-based minerals, such as dolomite (as shown in Figure 3e), and Mg-based
silicate deposits (as shown in region 3 in Figure 4). The fourth abundant element is Sr. The presence of
2428-2781 ppm of Sr is sufficient for the formation of celestite (SrSOj) scale during the oil production.
The remaining elements—i.e., Ti, Cr, Mn, Ni and Cu—are the components of completion tool materials
which corroded during the oil production.

Table 3. The concentration of metallic ions extracted from solid scale samples by ICP-MS analysis.

Concentration, ppm
1 2 3 4 5

Ca 189,722 191,607 231,151 212,405 191,112
Fe 30,612 14,487 26,801 17,160 89,447
Sr 2485 2549 2995 2781 2428
Mg 5401 5358 6291 5119 7763

Ion

Ba 723 729 799 781 656
Al 2851 6806 3024 1491 1678
P 465 728 863 611 892
K 997 2933 1177 438 479
Na 1201 2534 1422 837 917
Ti 183 310 243 126 177
Cr 11 9 13 8 17
Mn 584 324 529 421 1211
Ni 38 31 45 36 48

5.2.3. Colorimetric Analysis

Table 4 lists the concentration of sulfate and chloride species present in the scale deposits.
The significant difference between the ICP-MS and colorimetric results may be related to the
quantification methodology used for these minerals. The C1~! concentration is in the range of 1.44-6.63
ppm. This concentration is much smaller than the concentration of metallic ions listed in Table 3. This
indicates that it is improbable to observe the deposition of halite (NaCl). This component is highly
soluble in water. The Na concentration reported by ICP-MS analysis is in the range of 917-2534 ppm.
If all the C1! is consumed to produce halite scale, less than 0.5% of Nat! is used. Therefore, the rest
of the Na could be a component of phyllosilicate minerals (clays). Next, the sulfate concentration
changes from 3.75 to 16.69 ppm. The higher sulfate concentration compared with chloride suggests
that the precipitation of sulfate-based minerals is greater than for chloride. Considering the metallic



Energies 2020, 13, 3184 11 of 14

ion concentration obtained from ICP-MS analysis (Table 3), the sulfate-based minerals could be BaSOy,
CaS0y, and CaSO4-2H,0. The next step is to evaluate carbon-based minerals by performing dry
combustion analysis.

Table 4. Concentrations of sulfate (504 ~2) and chloride (C1~1) extracted from five solid samples using
the colorimetric method.

Concentration, ppm
1 2 3 4 5

a! 144 6.63 147 187 314
S0, 2 442 822 375 10.00 16.69

Species

5.2.4. Dry Combustion Analysis

Table 5 lists the TC, TOC and TIC contents evaluated for five scale deposits using the dry
combustion method. TIC is the difference between TC and TOC. Since a limited amount of the scale
deposits was available for the analysis, we could not perform the extraction analysis to separate
carbonate (CO3) from bicarbonate (HCO3). First, the TC concentration for atropine (external reference
standard) is 70.54 wt%. This value is very close to the known value (70.56 wt% for TC). Next, the
TOC content is in the range of 9.15-11.5 (w/w)%. The oil API for thermal wells is low, meaning that
heavy oil is produced from these wells. The source of organic carbon could be the heavy components
of the produced oil or bitumen, such as asphaltenes, and resins precipitated on the surfaces of the
tubular during the oil production. The results of the saturates, aromatics, resins and asphaltenes
(SARA) analysis for the Athabasca and Cold Lake bitumens are reported in the literature [38,39]. The
concentration of asphaltenes and resins for the Athabasca and Cold Lake bitumens are 43.03 and
40.06 wt%, respectively [38]. Region 1, highlighted in Figure 4, shows the existence of organic matter
in the scale deposits. Mixing the organic matter with inorganic scales results in formation of more
complex deposits in terms of physicochemical properties compared to pure inorganic scale deposits.
Moreover, the concentration of TIC changes from 5.31 to 6.08 (w/w)%. This shows that up to 6.08 wt%
of scale deposits could be carbonate and bicarbonate-based components. These components could
be aragonite, calcite, magnetite and siderite based on the concentration of metallic ions presented in
Table 3.

Table 5. Total carbon (TC), total organic carbon (TOC) and total inorganic carbon (TIC) contents
evaluated by dry combustion analysis.

Concentration, w/w%

Type of Carbon 2 3 4 5  Atropine
TC 1503 1497 1479 1681 1564  70.54
TOC 915 944 871 1150 9.85
TIC 58 554 608 531 579

6. Conclusions

In this study, we presented a series of characterization methods (SEM/EDS, ICP-MS, colorimetric
and dry combustion analyses) to evaluate the mineral composition of five scale samples deposited on
the surfaces of completion tools in thermal wells. We also calculated the scaling tendency of minerals
in five water samples produced from the thermal wells in the Athabasca and Cold Lake areas. A
summary of the main conclusions is provided below:

e  The results of the scaling index prediction for minerals showed that Fe-based corrosion products
and calcite/aragonite could be the main depositing materials.
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e  The SEM/EDS analysis visualized the heterogeneity of the scale deposits. The main components
were organic matter, Fe-based corrosion products, Mg-based silicates and calcite/aragonite.
The ICP-MS analysis agrees with the SEM/EDS visualization results.

e  The results of the dry combustion analysis demonstrated the presence of organic matter in the
scale deposits. The concentration of organic matter was not negligible; therefore, it is expected
that the mixing of the organic matter and inorganic minerals leads to more complex structures of
these deposits compared to pure inorganic deposits.
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