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Abstract

Carbonate rocks react easily with the surrounding environment, especially in acidic environment.
This property leads to very complex and heterogeneous fabric but can also be an important
advantage in EOR method and CO, sequestration. Extensive studies have been carried on
carbonate dissolution but the dissolution response of different microfacies at different temperature
is still unpredictable and challenging to predict. The aim of this study is to develop predictive
dissolution models for different carbonate microfacies at 25°C, 50°C and 75°C, under controlled
conditions. The models are developed as a function of time of dissolution, pore-filling carbonate
crystal size, porosity and permeability. The results show that as a function of only time, the
dissolution models are described by log linear function where the dissolution rate increases as the
temperature increases. The other developed dissolution models show that time and porosity have
positive impact on dissolution whereas crystal size slows the dissolution. Based on the models,
permeability appears to have no impact on dissolution. The predicted results obtained from the
different models are in good agreement with the measured experimental data.

Keywords: Carbonate Microfacies; Dissolution Model, Porosity, Permeability.

1. Introduction

Carbonates are chemically unstable rocks and can easily react with the surrounding envi-
ronment. Its ability to dissolve easily contributes to the heterogeneity of the rock fabric and
the pore system complexities. However, this property can also be useful in selection of
appropriate EOR (Enhanced Oil Recovery)methods for carbonate reservoirs, such as fracture
acidizing. Therefore, in reservoir characterization, having a better understanding of disso-
lution kinetic of carbonate rocks will help to understand the pore systems and the rock fabric
behavior in acidic environment. Several authors have studied extensively the mechanism of
dissolution kinetics of carbonate rocks and the factors controlling it [1-41, The effect of contro-
lling laboratory factors have also been extensively studied. Letterman [3] studied the effect of
temperature on dissolution rate and stated that the dissolution rate increased with increasing
temperature. Dolgaleva 51 carried out research on the effect of pH on dissolution and
concluded that the dissolution rate is determined by the different adsorption of the species
and the characteristic “"Acid —base” of the calcite dissolved in the solution.

Despite the extensive studies on carbonate dissolution, the prediction of the dissolution
kinetic of specific carbonate microfacies still remains a challenge. The objective of this study,
therefore, is to develop dissolution kinetic model of different microfacies at various tempe-
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ratures and to propose predictive models as a function of petrophysical and textural para-
meters for each microfacies.

2. Materials and methods

Three microfacies were studied in this paper. The applied method was subdivided in two
main parts. The first part consists of characterizing the microfacies based on petrographic
studies using thin sections and scanning electron microscopy (SEM). These microfacies are
then classified based on texture, grain types, matrix, and pore types using the Dunham
classification.

The second part of the methodology is the experimental dissolution study. The sample is
dissolved within a reactor chamber filled by three liters of 0.1molar diluted HCI. The reactor
consists of: (1) constant continuous rotating stirrer at 120 rpm; (2) heater automatically
controlled by thermo-couple with the temperature set at 25°C, 50°C and 75°C; (3) auto-
titrator that maintains the pH of the solution at 1.2 during the experiment. At every 10 min of
dissolution, solution sample is collected and then analyzed by ICP -EQOS in order to deter-mine
the concentration [Ca?*] released during the dissolution experiment.

A total of 22 samples were analyzed to define the dissolution models. The mean dissolution
rate for each microfacies at different temperatures was then deduced from the variation of
[Ca?*] during the experiment. Stepwise multiple regression analysis was used to determine
the best model for each microfacies and at different temperatures.

3. Results and discussion
3.1. Microfacies description
3.1.1. Moldic muddy - wackestone (MMW)

The moldic muddy wackestone (MMW) microfacies is mud—-supported, with some sparse
individual bioclasts (mainly red algae). Other skeletal grains have been identified such as
foraminifera (nummulites) and echinoderms. Some of these grains have been broken and
replaced by micrite cements (Figurela).

The matrix is composed of two cement fabric types. The first cement fabric which is micro-
crystalline cement represents more than 56% of the entire microfacies components. It is more
or less homogeneous, with light to dark microcrystals. The crystal shape is mainly anhedral
(Figurelb). The crystallization fabric of this micrite cement is inequigranular, xenotopic fabrics.
The crystal sizes vary from 0.7um to 4.93um, with mean of 2.3um and a standard deviation
of 0.97 (std: 0.97). The crystal size distribution shows a normal distribution with skewness of
0.65 and kurtosis of 0.048.

broken / dissolved
red algae

Figure 1. A- Broken or dissolved red algae, and replaced by micrite; B-Photomicrograph showing
dogtooth cement at the pore edges (yellow arrow) and drusy cement type filling the pores (red arrow).
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The second cement fabric is the microsparite drusy mosaic cement formed by two cement
types. The first cement type is dogtooth cement. It shows sharply pointed crystal towards the
pore center and occurs only at the edge of pore partially plugged. It also grows perpen-
dicularly to the substrate (micrite or grains). The second cement type is drusy cement. This
cement completely plugs pores and the crystal size increases towards the center (Figurelb).
At the pore wall, the mean size of the crystal is 51.6um (std: 24.5), whereas, toward the
center, it is 107.2 ym, with (std: 51.7). This cement exhibits inequigranular, and xenotopic
to hypodiotopic crystallization fabric.

This microfacies shows large moldic vuggy pores derived mainly from dissolution of the
skeletal grains and also some intrafossil pores. In many cases, these pores are filled by cement
which is an effect of recrystallization. The porosity varies widely from 8% to 24% and the
permeability from 1.39mD to 26mD.

3.1.2. Boundstone (BDST)

The grains in the boundstone microfacies (BDST) were bounded together at the time of
deposition (Figure 2a). However, individual skeletal grains such as red algae have been
recognized. These bioclasts represent 50.4% of the sample.

Within this microfacies, there is no microcrystalline cement. There is only one cement type
which is the drusy cement forming a drusy mosaic fabric. The crystal shape of this cement
varies from anhedral to subhedral (Figure2b). The crystal size ranges from 8.32um to
63.88um, with a mean of 31.26um (std: 13.38). The crystal size distribution shows a skewness
of 0.48 and kurtosis of -0.59. The matrix constitutes 20.4% of the rock.

A pr: 4 OGTRY LS e N

Figure 2. A- Micrograph showing grains bounded together, microsparite cement forming granular mosaic
cement fabric (red arrow), intergranular (pink arrow), intrafossil, intercrystalline pore, and microfracture
pores; B- Euhedral ( blue arrow) to subhedral (green arrow) calcite crystal forming the drusy cement
fabric.

The pores are very well connected and dominated by intergranular and intercrystalline
pores. Some minor intrafossil and microfracture pores are also identified. This microfacies
shows excellent porosity and permeability varying from 29.2% to 36% and 738.36mD to
2347.73mD respectively.

3.1.3. Grainstone (GRST)

Lack of carbonate mud is one of the main characteristics of this microfacies (Figure 3a). All
the grains are skeletal grains and the most dominant grains are the red algae and fora-
miniferas (nummulites, miliolids, and few globotruncana). This microfacies is also composed
of echinoderms. Some of these fossils are partially broken and then replaced by cements.

The matrix is mainly composed by micro - sparite granular cement, filling the space
between the grains and also by minor dogtooth cement type (Figure 3b). This cement forms
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granular cement fabric and represents 45.8% to 59.4%. The crystal shapes of these cement
are mainly anhedral to subhedral and developed an inequigranular fabric. The crystal size
varies from 5.25um to 32.01 pm with a mean of 10.24 um (std: 4.2). The skewness and the
kurtosis of the crystal size distribution are 2.22 and 7.24 respectively.

Figure 3. A- Photomicrograph showing grainstone texture with microsparite to sparite granular
filling the intergranular and Intrafossil pores (black); B- Dogtooth cement (red arrow) growing
perpendicular to the subtrate (grains)

The pores within this facies are dominated by intergranular and intercrystalline pores.
Some few micro intrafossil pores are also noted. The facies shows porosity varying from 17%
to 21%. However, the permeability is relatively low (2.76mD to 4.58mD) due to the presence
of high amount granular cement filling the pores.

3.2. Dissolution kinetic modeling

At 259C, 50 °C and 75 ©°C, and far from equilibrium, the dissolution kinetics of the three
microfacies are described by log-linear function (eq.1) with R? varying from 0.85 to 0.99. This
indicates strong correlation between the predicted and measured dissolution rates. The
general equation model is expressed as:

[Ca?’*l1 =mInt+p (1)

The mean dissolution model is therefore defined by the slope of dissolution curve which is

the dissolution rate and the intercept which is defined as the initial amount of Ca released.

The parameters defining the dissolution model of each microfacies at different temperatures
are presented in table 1.

Tablel. Parameters defining dissolution model for different microfacies at 75°C, 50°C, and 25°C

Facies Temp (°C) m p R2
75 4.65 1.07 0.94
Wackestone 50 3.89 -0.5 0.85
25 3.66 1.12 0.94
75 5.03 4.58 0.92
Boundstone 50 5.01 1.2 0.93
25 3.95 2.72 0.97
75 4.17 3.1 0.99
Grainstone 50 4.05 0.57 0.91
25 3.65 1.25 0.95
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The dissolution model is divided into two phases (Figure 4). The first phase is the initial
stage. It corresponds to rapid dissolution, with high dissolution rate over the first 40 min. This
initial phase can be attributed to the dissolution of very fine or / and highly reactive carbonate
minerals (example euhedral or subhedral minerals) with influencing significantly the overall
dissolution rate. In the second phase (from 40min to 100min), the dissolution rate decreases
which is the steady stage. This second phase corresponds to slower dissolution. This abrupt
drop of dissolution rate suggests that most of unstable and reactive minerals have been
dissolved, therefore, the carbonate rocks tend to be stable.
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Fig. 4. Example of dissolution model showing Fig. 5. Dissolution kinetic model at 75°C, 50°C,
two phases of dissolution with different disso- and 25°C
lution rate

Dissolution kinetic of carbonate is temperature dependent [6-71, From the analysis of
dissolution kinetic models, the dissolution rate is proportional to the temperature. Therefore,
samples belonging to the same facies and dissolved at 75°C exhibit the highest dissolution
rate and the others dissolved at 25°C show the lowest dissolution rate (Figure 5).

At 25°C, boundstone is the microfacies showing the highest dissolution with mean disso-
lution rate of 3.95 ppm /min. On the other hand, grainstone and wackestone is characterized
by similar models with overlapping dissolution curves (Figure 6).
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Figure 6. Dissolution model of the three microfacies at 25°C
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At 50°C and 75°C, boundstone still exhibits the highest dissolution rate. The wackestone
and the grainstone have similar dissolution models (Figures 7a and 7b). However, wackestone
dissolves faster than the grainstone because wackestone consists of larger pore sizes.
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Figure 7. Dissolution model of the three microfacies at a - 50°C; b-75°C

Among the studied microfacies at a given temperature, boundstone is the microfacies with the
highest dissolution rate, followed by wackestone and grainstone. Therefore, based on mean
dissolution model of each microfacies, it can be interpreted that the dissolution rate is related
to porosity, permeability and crystal size.

3.3. Modeling the impact of petrophysical and textural parameters

Stepwise multiple regression analysis [8-°1 is the adopted statistical method used to
evaluate the impact of porosity, permeability and crystal sizes on dissolution kinetic models
at different temperature.

At 25°C, the developed model shows a strong correlation (R?= 0.86) with its dependent
variables. However, based on significance (sig) value or p-value, permeability is not signi-
ficant for the model (p-value or sig = 0.42>0.05). Therefore, the best model is defined by
equation (2).

[Ca?*] = f(t,®,K,CS) = 0.14t + 16.15® — 0.17CS + 4.2 (2)

The confidence level at 95% for each parameter and their significance are summarized in
table 2. This results show that time and porosity have positive effect on released Ca?* whereas
the crystal size filling the pores has negative effect on dissolution. The permeability, however,
appears to have no impact on dissolution model.

Table 2. Coefficient of variables of dissolution model at 25°C and their significance

Model at 25°C Coefficients Si 95% Confidence Interval for B
(R?=0.86) B 9- Lower Bound Upper Bound
(Constant) 4.271 0 2.756 5.785
Time (t) 0.137 0 0.124 0.151
Poro (®) 16.15 0 10.973 21.327
Permeability (K) 0.42

Crystal size (CS) -0.017 0.003 -0.027 -0.006

At 50°C, the dissolution model is defined by equation (3) and also depends on time, poro-
sity and carbonate crystal size filling the pores with moderate correlation (R?=0.65). However,
permeability is not significant (sig =0.93>0.05). This is consistent with the model at 25°C
(Table 3).
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Table 3. Coefficient of variables of dissolution model at 50°C and their significance

Model at 50°C Coefficients

95.0% Confidence Interval for B

(R?= 0.65) B Sl Lower Bound Upper Bound
(Constant) 4.1 0.014 0.847 7.352
Time (t) 0.165 0 0.135 0.194
Poro(®) 18.866 0 8.756 28.975
Permeability (K) 0.93

Crystal size (CS) -0.037 0.003 -0.061 -0.013

[Ca?*] = f(t,®,K,CS) = 0.17t + 18.87d — 0.04CS + 4.1

At 75°C, the dissolution model is described by equation (4) and is also in agreement with
the models at 25°C and 50°C with a moderate correlation (R?=0.56). The porosity and
permeability has a positive effect on the dissolution kinetic whereas crystal sizes reduce the
rate of dissolution (Table 4). Permeability does not contribute to the enhancement or reduction
of dissolution rate in carbonate rocks (sig=0.1>0.05).

[Ca**] = f(t,®,K,CS) = 0.13t + 17.87® — 0.03CS + 10.38

Table 4. Coefficient of variables of dissolution model at 75°C and their significance, Model validation

and testing

(3)

(4)

Model at 75°C Coefficients

959% Confidence Interval for B

Sig.
(R?= 0. 56) B J Lower Bound Upper Bound
(Constant) 10.379 0 7.018 13.739
Time (t) 0.125 0 0.094 0.156
Poro (®) 17.816 0.001 7.784 27.848
Permeability (K) 0.1
Crystal size (CS) -0.033 0.007 -0.057 -0.009

In order to validate the dissolution model as a function of time, porosity and crystal size,
measured [Ca?*] data from the dissolution experiment are plotted against predicted data
from the 25°C model (Figure 8a), 50°C model (Figure 8b) and 75 °C model (Figure 8c).
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Figure 8. Crossplot between measured and predicted[ Ca**] released in the system at a- 25°C, b-50°C; c-75°C
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4. Conclusion

Dissolution of three carbonate microfacies (wacketsone, grainstone and boundstone) have
been modeled at different temperatures (25°C, 50°C and 75°C) in order to evaluate the
effects of petrophysical and textural parameters on dissolution. The experiment was conducted
under controlled conditions inside a reactor chamber. For each temperature, the general
dissolution model as a function of time is described by log-linear function with the slope
representing the dissolution rate. The dissolution model has two phases, the rapid initial phase
from 0-40min and the slow steady phase from 40-100min.

The dissolution kinetics expressed through dissolution rate is proportional to temperature.
Therefore, carbonate dissolved at higher temperature dissolves faster than carbonate dissolved
at lower temperature regardless of carbonate microfacies. Taking into account the texture of
each microfacies, the dissolution of boundstone is faster than the dissolution of grainstone
and wackestone. The dissolution models for grainstone and wackestone are similar with over-
lapping curves at a given temperature due to similar crystal sizes.

Different models at three different temperatures were developed based on released [Ca?*]
as function of dissolution time, porosity, permeability and pore-filling crystal size. The three
models shows that dissolution depend on time and porosity which positively affects dissolution.
These models are also function of carbonate crystal size filling the pores. Larger crystal sizes
cause a reduction in dissolution rate. Permeability appears not to have a significant impact on
the dissolution kinetic model.
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List of symbols

[Ca?*] Concentration of calcium ion (Ca) released within the system [ppm]
t time [min]
M dissolution rate [ppm/min] constant
P intercept [ppm] constant
() Porosity (ratio)
K permeability (mD)
Cs Pore filling crystal size (um)
Sig. Significance
R? coefficient of determination
Temp or T Temperature °C
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