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ABSTRACT

During the hydraulic fracturing process in unconventional shale gas reservoirs, chemical
interactions between the hydraulic fracturing fluid (HFF) and the shale rock could result in mineral
precipitation and dissolution reactions, potentially influencing the gas transport by dissolving or
clogging the fractures. The pore-scale distribution of the minerals, especially the highly reactive
ones such as calcite, in the shale matrix can impact the structural evolution of the shale rocks. In
the present study, a pore-scale reactive transport model is built to investigate the impact of the
pore-scale distribution of calcite on the structural alteration of the shales. The alteration of the
shales is caused by the barite precipitation, and the dissolution of calcite and pyrite. The simulation
results show that the calcite dissolution leads to a permeability enhancement. The permeability
enhancement for the shales with coarser calcite grains is more pronounced than that for the shales
with finer grains of calcite. The results also indicate that the extent of the permeability
enhancement is even more noticeable if the HFF is injected with a higher velocity. The fluid
chemistry analysis indicates that the fluid pH for the shale with the fine grains of calcite is higher
than that of the shale with the coarse calcite grains and that the injection of the HFF with a higher
flowrate leads to the lower pH values. The calcite dissolution observed in the simulations mainly
occurs near the inlet. For the shale with the finer calcite grains, barite precipitation also occurs
mostly close to the inlet but for the shale with coarser calcite grains, barite precipitation extends
more into the domain. This penetration depth increases when the HFF is injected with a higher
velocity. In addition to the effect of the calcite distribution, we also used the pore-scale model to
study the effect of the calcite content on the structural evolution of the shales. The results from
these simulations showed that a higher calcite content can result in higher pH values, higher
permeabilities, and also more barite precipitation in the domain.
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1. INTRODUCTION

Natural gas is viewed as a reliable energy resource because it has high energy content and also
emits less greenhouse gases such as CO» compared to the other fossil fuels!. In the US, a
considerable amount of the increase in the natural gas production has been attributed to the
production of gas from shale gas reservoirs>. Some of the formations in Europe, such as Posidonia,
Alum, and Bowland—Hodder formations, are also believed to have economic potential for
hydrocarbon production®?.

Because of their low permeability, shale gas reservoirs have to be stimulated by hydraulic
fracturing so that the gas entrapped in the tight rocks can flow through the pathways generated
during the fracturing process. The fractures in the rock are created by the injection of a fracturing
fluid under high pressure. Once injected into the shale reservoir, hydraulic fracturing fluid (HFF)
reacts with shale rock where, depending on the rock mineralogy and the different chemical
components in the fracturing fluid, various chemical reactions might occur in the shale fractures
and matrices during the fracturing process®!?. These geochemical reactions can change the
transport properties of shales, affecting the gas production from shale gas reservoirs® %% 1217 For
example, cases have been documented where the production rate decreased significantly within a
short time after initial gas recovery from shale gas reservoirs, suggested to be caused by the
precipitation of minerals in the fractures and the matrix of fractured shale reservoirs’ '¥, The
chemical reactions between HFF and shales can also influence the chemical composition of the
produced water after the fracturing process'* 4. Therefore, understanding the chemical reactions
between HFF and shales can help better predict the gas productivity and environmental impacts
during hydraulic fracturing processes'.

Various studies have investigated the effects of the HFF-shale chemical interactions on the
hydrodynamic properties of shale rocks (such as porosity and permeability)” ® 124 and on the
flowback water chemistry'> !7-2532, Some of these studies have experimentally and numerically
assessed the impact of HFF-shale chemical interactions on the alteration of the fracture-matrix
interfaces at the pore-scale (um-scale)?"> 2224, Although formation of this altered layer is a pore-
scale feature, it can have large-scale impacts on hydrocarbon recovery because the thickness of
this altered zone can influence the transport (advection and diffusion) of hydrocarbons from
matrices to fractures in shale formations??. A pore-scale parameter that control the structure of this
altered zone (or the reacted shale in general) is the pore-scale distribution of the matrix-forming
minerals, especially the highly reactive phases such as calcite. To our knowledge, there have not
been studies systematically evaluating the impact of the pore-scale mineral distribution on the
alteration of shale morphology during the HFF-shale chemical interactions. To fill this gap, we
build a pore-scale reactive model to simulate the alteration of the shale morphology while reacting
with the HFF. We choose pore-scale models because these models can resolve the pore-scale
features such as mineral pore-scale distributions. The main focus of this study is to evaluate the
effect of the pore-scale mineral distribution of calcite on the alteration of the shale morphology
when the shale rock is exposed to an acidic HFF, which leads to the calcite dissolution. In addition
to the effect of the pore-scale mineral distribution of calcite, we also use the built model to
investigate the impact of the calcite content on the chemical alteration of the shale rocks at the
pore-scale. Moreover, since the scale precipitation is another common mineral reaction during
HFF-shale interactions, we also include the barite precipitation reaction (a common scale reaction
in various fields**” including hydraulic fracturing) in the simulations and will investigate how
different calcite mineral distributions can impact the location of barite precipitates. We perform
these simulations under different transport (flow velocity) conditions. The details of the model
setup is discussed in the following section.
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2. METHODS
2.1. Pore-scale Lattice Boltzmann-based reactive transport model

The simulator used in this study to perform the reactive transport simulations is based on the
Lattice Boltzmann (LB) method, which solves the Navier-Stokes and advection-diffusion-reaction
equations. The chemical reaction calculations are performed by PHREEQC?*, which has been
coupled with the transport solver. The governing equations of the LB method and the details of
the model implementation are given in SI.

2.2. Shale geometries

The pore-scale reactive transport simulations are performed for the 2D and 3D shale geometries
(Figures S1-S7). For the 2D shale geometries, two shale samples with the same calcite content but
different calcite spatial distribution patterns are generated. These two spatial distributions for
calcite are controlled by the two-point correlation function. Two-point correlation is a measure
that shows the amount of spatial independence of a single variable at two different points of the
studied domain®’. In other words, this function describes that what is the probability of two
different points to have the same value if there is a specific amount of distance between them?* 4.
When the distance between the two selected points approaches to zero, the probability of them
having the same value is at its maximum, while when there is a noticeable gap between the two
selected points, their values become almost independent from each other*®*°. The domain size of
the generated shale geometries is 125umx125um with resolution equal to 0.5 pm. To study the
effect of the calcite content on the alteration of the shale rocks, one more 2D shale structure with
the higher calcite content is also generated. In order to generate the reasonable realizations of the
organic-rich shale deposits, we have used some image processing steps that are described as
follow. Two Gaussian random files with different standard deviations are interpolated and
thresholded to mimic the solid texture of the calcite and silicate minerals*!. Then, using the
watershed segmentation, we have separated the connected elements of calcite and silicate to give
them a more grain-like shape*?. Afterwards, parts of the remaining void space is filled with the
clay flakes by thresholding a distance map and adding some levels of noise to imitate a texture of
the packed flakes. The remaining void space is assumed to be filled with the porous organic matter,
which is called kerogen. Then, some parts of the whole structure is randomly snipped to be
embedded by the pyrite framboids as they technically form after the initial deposition of the shale
layers*’. Finally, while knowing the physically stronger parts of the shale structure that are
composed of the pure solid minerals, calcite, silicate, and pyrite, we perform a heuristic fracturing
simulation in the three directions: horizontal, 45° and 135°. Same procedure were used to generate
a 3D shale realization with domain size 125pmx125umx15um. The details of the fracturing
technique are described in the work performed by Rabbani et al.*>.

3. Simulation setup

The reactions considered in the simulations are the calcite and pyrite dissolution and the barite
precipitation. These are some of the commonly observed reactions taking place during the HFF-
shale interactions® 2! 22 2% Simulations are performed for the shales with coarse and fine calcite
fragments, designated as CCS and FCS, respectively. To assess the alteration of the shale sample
when the calcite content is higher, we simulate a case with the higher calcite in the shale matrix,
designated as HCS. For the case of the CCS, we also run a simulation with the higher fluid flowrate
to evaluate the effect of transport conditions (more advective transport) on the evolution of shale

3
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structure. Calcite contents for the CCS and FCS are the same and equal to ~30%, while the calcite
content for HCS is ~63%. The average velocities in the domain for the CCS, FCS, and HCS are
6.66x1077 [m.s'], 8.08x107 [m.s'], and 8.01x107 [m.s!], respectively. The average velocity of
the simulations for CCS with higher injection velocity is 6.66x107° [m.s']. We model the flow of
an acidic solution, with pH=2, through the fractured shale geometries. The injected fluid is
supersaturated with respect to barite, with SI of 1.3. Therefore, the main source of barium and
sulfate for the barite precipitation is derived from the injected solution and not from the host rock.
The HFF can have high concentration of barium and sulfate if produced waters are diluted and
used as the HFF®. The injected HFF composition is given in Table S1. Preliminary simulations
showed that the reaction rate of the minerals such as silicate and clay are much slower than calcite
during the simulation time scale. Therefore, in the simulations, we treated silicate, clay, and
kerogen as non-reactive phases and only calcite, pyrite, and barite were considered as the reactive
minerals.

The reaction rates of calcite, pyrite, and barite reactions are calculated based on the following

equations*46:

Realcite[mol. m™2.s] = (107%3ay+ + 10758 + 1073*Bay 6-)(1 — Qeacite) (1)
Rpyrite[mol. m™2.s] = (1078%%ay+~%11ag %5)(1 — Qpprite) (2)
Rparite[mol. m™2.s] = (107%%y4+922 + 10779) (1 — Qparite) 3)

where R, is the reaction rate of mineral m, a; is the activity of the species i, and (1, is the
saturation ratio of the mineral m. To calculate the amount of the minerals in [mol], the Ry, should
be multiplied by the timestep and also the reactive area of the minerals. In the LB method used in
this study, the reactive area is computed based on the number of the faces of a solid grid cell which
is in contact with fluid.

The fluid composition at the inlet is kept constant during the simulations and it is assumed that the
initial fluid composition is the same as the inlet. When solving the mass transfer equation, the no-
flow boundary conditions are utilized at the top and the bottom of the domain whereas the zero
diffusive-flux boundary condition is applied at the domain outlet. The diffusion coefficient of the
chemical species is taken to be the same and equal to 10 [m2.s™']. The fluid flow is driven by
applying a constant pressure gradient across the domain. The value of the dynamic viscosity used
for the fluid is 107 [m?.s™'].

We look at the different properties of the system such as the fluid chemistry, the mineral
distributions, and the porosity-permeability relation in order to evaluate the impacts of the calcite
spatial distribution, the calcite content, and the injection flowrate on the structural evolution of the
shale samples.

4. RESULTS AND DISCUSSION
4.1. 2D simulations
4.1.1. Effect of calcite spatial distribution and flow velocity

In our simulations, we focused only on the pore-scale spatial distribution of calcite because it is
highly reactive under acidic conditions and its reaction rate is faster than other minerals. Different
calcite spatial distribution in shale matrices can therefore lead to the different patterns of the
microstructural changes in shales. In what follows, we investigate what effluent chemistry,
porosity-permeability relations, and mineral distributions look like when the HFF is injected into
the CCS and FCS. Moreover, we also assess how a higher flow velocity influences the fluid
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chemistry, porosity-permeability relations, and mineral profile during HFF-shale interactions. To
this end, we run another simulation for the CCS where the initial average velocity in the domain
is 6.66x107° [m.s].

Fluid chemistry. Figure 1 shows the temporal evolution of the probability distribution function
(PDF) of the pH for the CCS and FCS. Initially at t=0.02[s], the PDFs indicate a peak at low pH
values, which reveals that most of the regions in the domain have low pH. Over time, the low pH
solution reacts with calcite and this causes the pH to rise (Ca*>" level also increases as result of the
calcite dissolution; See Figure S8). The increase in the pH is evident from Figure 1, at t=0.05[s]
and 0.2[s], where it demonstrates that the peaks at the low pH values are attenuated and a broader
range for the pH can be observed. This increase in the pH, which is because of the calcite
dissolution, is similar to what was observed during the HFF-shale reactions in the previous
experiments®. After t=2.0[s], the PDFs in Figure 1 show a peak at higher pH values, indicating that
most part of the domain have now pH values greater than 5. This peak moves towards the higher
pH values as simulations proceed further. During the later times of the simulation, in addition to
the large peak at the higher pH, a small peak at the lower pH starts growing, which represents the
regions near the inlet where the low pH HFF, with pH=2, is injected into the domain.

Figure 1 also demonstrates that generally the peaks at the higher pH values for the FCS are larger
than that of the CCS. The difference between these peaks becomes smaller as the simulation time
approaches t=76[s]. One reason for this difference is that the reactive surface area of calcite in
contact with the HFF for the FCS is larger than calcite reactive surface area for the CCS. This can
be observed in Figure 2 where it indicates that the total surface area of calcite for the FCS is larger
than the calcite reactive area for the CCS.

As can be observed in Figure 1, after t=20.0[s], the change in the pH for the CCS and FCS is not
significant. This is because the calcite saturation index, SI.;i;e, in the domain is approaching zero
over time (see Figure S9), implying that the solution is becoming saturated with respect to calcite,
thus slowing down the calcite dissolution rate and the pH change. This is consistent with the results
from prior experiments reporting that the SI .. approaches zero®. For the CCS with higher
velocity, however, a different trend can be observed. As Figure 1 presents, after t=20.0[s], the
number of regions in the domain, having a low pH, increases and a peak at the low pH appears in
Figure 1 at t=76.0[s]. Figure S9 also reveals that the SI.; ;¢ for the case of the CCS with higher
velocity is still well below zero for different parts of the domain. This lower pH and lower SI_; iz
results from the higher velocity of the flow, which reduces the residence time of the HFF in the
domain and the low HFF at the inlet flows deeper into the domain and lowers the pH.

In addition to calcite, pyrite also dissolves, releasing more Fe?* into the solution (See Figure S10).
The amount of Fe?* produced for the FCS is generally higher than that for the CCS. This could
be explained by the difference in the pH for these two cases. As observed in Figure 1, the pH for
the FCS is generally higher than the CCS, which according to the pyrite reaction rate equation
(Equation 2), causes higher dissolution rate for pyrite and hence higher Fe?* concentrations for the
FCS. For the CCS with higher velocity, the Fe?* concentration is generally lower than the FCS
and CCS, especially at the later simulation times. This is because the inlet solution, which is
lacking any Fe?*, flows faster into the domain and flushes out the produced Fe?* and it decreases
the Fe?* concentration.
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Figure 1. The temporal evolution of the probability distribution function (PDF) of the pH for the CCS (the shale with coarse
calcite grains), FCS (the shale with fine calcite grains), and CCS with higher velocity. Over time, the pH in the domain increases
because of the calcite dissolution. The number of regions having higher pH values are larger for the FCS compared to other
cases. The case of the CCS with higher velocity generally shows lower pH values which is due to the short residence time of the
HFF in the domain.
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Figure 2. the temporal changes of the total reactive surface
area of the calcite grains, in contact with the HFF, for the
CCS and FCS.

Mineral reaction patterns. As Figures 3 shows, most of the calcite dissolution in the shales occurs
close to the inlet, where the pH is the lowest, and most of the calcite (grey color in Figure 3) in the
other parts of the domain remain unaltered. This dissolution pattern is similar to the face
dissolution patterns, which usually happen at the low Peclet numbers*’. For the case of the CCS
with higher velocity, greater calcite dissolution along the flow direction can be observed. As
presented in Figure 3, Contrary to calcite, pyrite does not show any geometry evolution. Pyrite
does react with the HFF, as the Fe*" concentration confirms this (Figure S10), but the complete
dissolution of the pyrite grains is not detectable during the timescale of the simulations. The slow
reaction rate of pyrite is due to the lack of high concentrations of dissolved O; in the influent.

The injected acidic solution is supersaturated with respect to barite. Barite therefore precipitates
on the surfaces of the minerals present in the shales. In this study, we simulate the barite nucleation
by assigning initial seeds or nuclei to all the substrates where these nuclei initiate the barite growth.
The heterogeneous nucleation of barite therefore occurs on all the substrates once the
supersaturated solution is in contact with a mineral substrate. Figure 3 also presents the distribution
of the precipitated barite in the system for the FCS and CCS. As the simulation proceeds, more
barite precipitate in the areas close to the inlet because of the access to the solution that is more
supersaturated with respect to barite. It is evident that, for the FCS, barite has mostly precipitated
near the inlet whereas for the CCS, the barite precipitation front has penetrated into the domain,
which is because of the calcite dissolution. The depth of penetration is even more when the
supersaturated solution is injected at a higher velocity. This pattern is qualitatively similar to the
barite precipitation patterns observed in previous studies*? where they have shown that for the
calcite-rich Eagle ford shale samples, the barite precipitation front has extended into the shale
matrix in contrast to the low calcite content Marcellus shale where the barite precipitation front is
mainly limited at the HFF-matrix interface. It should be pointed out that in our study, we observe
more barite precipitation into the domain for the CCS shale because calcite dissolves and it
provides a new porosity. The supersaturated solution can therefore penetrate more into the domain
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and thus barite can precipitate further down the domain. In the prior studies**, however, the greater
amount of barite precipitation into the shale matrix, observed for the calcite-rich shale, has been
attributed to the effect of the higher pH on the deprotonation of HSOy4'. It is reported that HSO4™ is
deprotonated at the near-neutral conditions, thus increasing the SO4> concentration, which leads
to a higher rate for the barite precipitation??.
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Figure 3. The amount of barite precipitated at 0.02[s] (left column) and 76[s] (right column) for the CCS (first row), the FCS
(middle row), and the CCS with higher velocity (last row). In the plots, Grey colour denotes calcite, black colour denotes non-
reactive minerals, and white colour denotes pyrite. Over time, few calcite surfaces near the inlet dissolve. While pyrite reacts with
the HFF, its geometry evolution is not visible during the simulation time scale. As shown, little barite precipitation occurs near the
inlet where the influent solution is more supersaturated with respect to barite. For the CCS, barite precipitation extends further into
the domain and increasing the velocity increases this penetration depth.
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Porosity-permeability relationship. The calcite dissolution and the barite precipitation change
the porosity and the permeability of the shale samples. Figure 4 represents the normalized
permeability (permeability/initial permeability) and porosity (porosity/initial porosity) versus time
and also the normalized permeability versus the normalized porosity for the CCS, FCS, and CCS
with higher velocity. The permeability values for the shales were calculated by using the velocity
profile. As evident from Figure 4, the permeability and the porosity of the shales increase over
time. Overall, the permeability values for the CCS are higher than that for the FCS. For the CCS,
the dissolution of calcite grains plays a more important role in increasing the permeability since
the calcite grains are coarser and their dissolution leads to higher porosities and permeabilities,
whereas for the FCS, the grains are generally finer and their dissolution does not change the
permeability as much as the dissolution of the coarser grains. As observed in Figure 3, increasing
the flow velocity leads to greater dissolution of calcite grains along the flow direction and this
translates into higher permeabilities for the case of the CCS with higher velocity.

As simulations proceed, the solution inside the domain tends to become saturated with respect to
calcite, meaning that the calcite dissolution rate decreases. This also slows down the rate of the
permeability enhancement, which is clearly shown in Figure 4 at the later simulation times. This
observation is not completely valid for the CCS with higher velocity because, as Figure S9 shows,
the solution in the domain is still undersaturated with respect to calcite and has the capacity to
dissolve more calcite and increases the permeability further.

It should be mentioned that during the simulations, although barite is precipitating, it has not yet
contributed to the porosity and permeability of the shales as none of the simulation grid cells, in
which barite is precipitating, has been completely filled with barite so that the cell can be
considered as a solid grid cell. The current model can indeed account for simultaneous dissolution
and precipitation to occur. This means that we could then expect to see a more dynamic porosity-
permeability relationship due to coexistence of the calcite dissolution and the barite precipitation.
To be able to see this dynamic porosity-permeability relationship, the simulations would need to
be run for longer times, which will be the focus of our future endeavor.

4.1.2. Effect of calcite content

Previous experimental studies have shown that the different calcite contents in shale matrices can
lead to different microstructural changes in shales?!??. This section will therefore deploy the built
reactive transport model to assess how a different calcite content influences the alteration of the
shale rock. To this end, we compare the results (fluid chemistry, porosity-permeability relations,
and mineral profiles) from the CCS simulations with the ones from the HCS (having higher calcite
content) simulations.

Fluid chemistry. A higher calcite content in the shale matrix will generally results in higher pH
values as demonstrated in Figure 5. At the early times during the simulation, the pH in the domain
is between 2 and 3. During the later times, most parts of the domain exhibit pH values greater than
5.5. As can be observed in Figure 5, at any given time, the HCS shows higher pH values, which is
clearly because of its higher calcite content. For the HCS, this higher calcite content also causes
the solution to have a higher S1.,;.ite (see Figure S11) due to the greater buffering capacity. The
higher pH, produced in the case of the HCS, also causes greater Fe*" to be released into the
solution, which is reflected as higher peaks of Fe** in Figure S12.
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dissolution takes place when velocity is higher and the residence time of the HFF is shorter in the domain.
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Figure 5. The temporal evolution of the probability distribution function (PDF) of the pH for the CCS (the shale with
coarse calcite grains) and the HCS (the shale with higher calcite content). Over time, the pH in the domain increases
because of the calcite dissolution. Since the HCS has higher calcite content, it generally exhibits higher pH values.

372



373
374
375
376
377
378
379

380
381
382
383
384
385
386
387
388

389
390

391
392
393
394
395
396
397
398
399
400
401
402
403
404

405
406
407
408
409
410
411
412
413
414
415

Mineral reaction patterns. Figure 6 reveals that most of the calcite dissolution occurs near the
inlet where the pH of HFF is low. In both the CCS and HCS, the location of the calcite dissolution
front is almost the same. This is also valid for the barite precipitation front; in both cases the
penetration depth of the barite precipitation is the same. However, as simulations proceed, both
the location of the calcite dissolution and barite precipitation fronts for the HCS will extend further
because there are more calcite grains that can dissolve and consequently their dissolution allow
the barite precipitation to move towards the outlet.

Another feature observed when barite precipitates is that the amount of barite precipitated on the
non-reactive minerals is higher compared to the amount of barite precipitated on calcite (see the
area surrounded by the red circle in Figure S13 for a comparison of the amount of barite
precipitated on calcite and the non-reactive minerals). This is because the solution near the non-
reactive minerals have a lower pH whereas the solution close to calcite has a higher pH caused by
the calcite dissolution. The barite rate expression, used in this study, has an inverse relation with
the pH meaning that when the pH is lower, the barite precipitation rate will be higher. This is also
consistent with the previous studies showing that the barite precipitation rate is high at acidic
conditions®,

Figure 6 also shows no significant pyrite dissolution as its dissolution rate is very slow considering
the limited amount of dissolved oxygen in the influent.

Porosity-permeability relationship. Figure 7 presents the results of the evolution of the
normalized permeability and normalized porosity for the CCS and HCS. At any given time, the
normalized permeability and normalized porosity for the HCS are higher than that for the CCS
because the HCS have a higher calcite content which leads to greater calcite dissolution and
consequently to higher porosity and permeability values. As evident from Figure 7, the normalized
porosity and normalized permeability initially experience a rather sharp increase but later the rate
of change in Ky and @y slows down which is due to the reduction in calcite dissolution rate. This
reduction is less pronounced for the HCS because there are more calcite grains near the inlet and
they can react with the acidic solution to create more porosity, which can also increase the
permeability. The Ky vs @y plot in Figure 7 indicates that for a given @y, the CCS exhibits a
higher Ky than the HCS. This is because the time it takes for the CCS to reach to a certain @y is
longer than that for the HCS. The HCS has a higher calcite content and it can therefore reach to
that certain @y by dissolving the greater amount of calcite within a shorter period of time. During
this shorter time period, the K for the HCS still has not increased as much as that for the CCS.
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Figure 6. The amount of barite precipitated at 0.02[s] (left column) and 76[s] (right column) for the CCS (first row) and the HCS
(middle row). In the plots, Grey colour denotes calcite, black colour denotes non-reactive minerals, and white colour denotes pyrite.
Over time, few calcite surfaces near the inlet dissolve. While pyrite reacts with the HFF, its geometry evolution is not visible during
the simulation time scale. As shown, little barite precipitation occurs near the inlet where the influent solution is more supersaturated
with respect to barite. For the HCS, the extent of barite precipitation is more than the CCS.
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Figure 7. The plots of the Normalized permeability versus time, normalized porosity versus time, and the normalized
permeability versus normalized porosity for the CCS and HCS. As shown, the permeability values of the HCS are higher
than the CCS at any given time, which is clearly because of greater extent of the calcite dissolution occurred for the HCS.
In the normalized permeability versus normalized porosity, for a given normalized porosity, the normalized permeability
of the CCS is higher than that for the HCS. This is because it takes more time for the CCS to reach to a certain porosity
and at this longer time, the CCS has a higher normalized permeability compared to the HCS, for which it takes shorter time
to reach to the same normalized porosity.
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4.2. 3D simulations

Compared to the 2D simulations, simulations on the 3D shale geometry might provide better
insights into the shale and the HFF chemical interactions as the reactive transport processes are
modelled in 3D. To this end, we perform the 3D simulations and present some of the preliminary
results related to the calcite dissolution and the barite precipitation in the 3D shale geometry in the
early times during the simulations. The aim here is to show the capability of the pore-scale model
to handle and simulate 3D geometries. This 3D model will be used in a future work to provide
inputs for a multiscale reactive transport model. The pore-scale model can provide the local, or the
small-scale, information for the multi-scale reactive transport simulators. Due to the existence of
multiple length-scales in the shale reservoirs, the multiscale models are a better choice for
simulating the large-scale reactive transport processes in comparison with using only the pore-
scale or only the continuum scale models. In the development of the multiscale models, the
information related to the smaller scales needs to be incorporated into the multi-scale models. This
information of the small-scale can be provided by experiments* or perhaps more easily by the
pore-scale reactive transport modeling as developed in this study.

For the 3D simulations, all the flow and the concentration boundary conditions remain the same
as for the 2D simulations. In the following we show the preliminary results of the analyses
performed for the 3D simulation.

Figure 8 demonstrates the Ca?* concentration profile at t = 0.02s and 6s. The increase in Ca**
concentration at t=6s confirms the calcite dissolution reaction, which is also clear from the
temporal evolution of the effluent Ca®* concentration (Figure 9a). The effluent Ca®" data in the 3D
simulation also shows a plateau after an initial rather sharp increase in the effluent Ca
concentration. The fluid pH level in the domain also starts to rise as the result of the calcite
dissolution as is evident from Figure S14 where pH has increased from initial value of 2 to higher
values. Figure 9b also shows the effluent pH in the shale where it indicates that the pH has been
buffered. It is evident from Figure 9b that the pH becomes stabilized over time, which is probably
because of a reduction in the calcite dissolution rate in areas where the transport becomes diffusion
dominated.

The barite precipitation pattern for the 3D shale geometry is presented in Figure 10. Here calcite,
pyrite, and the non-reactive minerals are not shown to enable a better observation of the barite
precipitated in the system. At t=0.02s, barite has precipitated uniformly everywhere in the domain
(Figure 10) because the initial solution is supersaturated with respect to barite and it has been
assumed that the barite heterogeneous nucleation occurs on all the solid substrates (calcite, pyrite
and the non-reactive minerals). At t = 6s, the extent of the barite precipitation decreases towards
the outlet. The reason is that the regions near the inlet have access to the more fresh solution with
the higher supersaturation with respect to barite and this causes the more heterogeneous barite
precipitation close to the inlet.
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Figure 8. The Ca’" concentration profile for the 3D simulation at t = 0.02s and 6s. In the plots, Grey colour denotes calcite,
black colour denotes the non-reactive minerals, and white colour denotes pyrite. At t = 0.02s, the higher Ca’* concentration
around the calcite surfaces indicates the calcite dissolution. At t=6s, the Ca’" concentration has increased in most parts of the
domain because of the further calcite dissolution and the transport of Ca.
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Figure 9. (a) Temporal evolution of the effluent Ca’* concentration for the 3D simulation. Early in the simulation, the Ca’*
concentration shows a sharp increase, which is followed by a more stabilized trend caused by decreasing the calcite dissolution
rate. (b) Temporal evolution of the effluent pH for the 3D simulation. As shown, the effluent pH increases as the result of the calcite
dissolution and this increasing trend seems to become stabilized over time.
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Figure 10. The amount of barite precipitated in the 3D shale sample at t=0.02s
and t=6s. The minerals are removed from the figure to facilitate the better
observation of the barite precipitation. At t=0.02s, a uniform barite
precipitation pattern can be observed in the entire domain. At t=6s, more barite
precipitate near the inlet where the solution has a higher supersaturation with
respect to barite.

5 CONCLUSIONS

We build the 2D and the 3D pore-scale reactive transport models to better understand how
geochemical interactions between fracturing fluid and shale rock impact the transport properties
of the shale rocks. In particular, we study the effect of the pore-scale calcite distribution on the
evolution in structure of representative shales when a fracturing fluid flows through fractured shale
structures. Some of the 2D simulations were performed on two different shales with different
calcite pore-scale distribution. The simulations were also carried out for the scenarios with higher
flowrates.

We found from the 2D simulations that during the HFF-shale chemical interactions, the shale rock
with the finer calcite grains exhibits higher pH values compared to the shale rock composed of the
same amount of calcite but with the coarser grain sizes. Results also showed that the injection of
the HFF with a higher velocity/rate results in lower pH values because of the shorter residence
time for the HFF in the domain.

The injected HFF was supersaturated with respect to barite, so barite precipitation occurred during
the simulations. For the shale composed of the fine grains of calcite, barite precipitation mostly
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occurred near the inlet, but for the shale having coarser grains of calcite, the barite precipitation
extended further down the domain. The results also demonstrated that injection of the HFF with
higher velocity causes the barite precipitation front to extend more into the domain.

The results revealed that the permeability increase, triggered by calcite dissolution, is higher for
the shale sample with the coarser calcite grains. This may be due to the emergence of more (and
possibly larger) pathways made available by the dissolution in the samples with the larger calcite
grains. We also found that the higher flowrate increases the permeability enhancement.

The 2D simulations were also run to study the effect of the calcite content on the alteration of the
shales. The analysis of the fluid chemistry indicated that the samples with the higher calcite content
can neutralize the acid pH (because of more calcite dissolution) faster than those with the lower
calcite content. Results also showed that for samples with the higher calcite content, the extent of
barite precipitation in the shale rock is higher compared to the samples with the lower calcite
content. This allows us to predict the long-term evolution of the transport properties during the
fracturing process due to clogging.

We also showed the ability of the developed model to tackle the 3D simulations. Some preliminary
3D simulations of the HFF-shale interaction were presented. The 3D model will be used in our
future work to provide inputs for upscaling methods such as the upscaling techniques*’ used to
obtain continuous time random walk (CTRW) parameters at larger scales. This allows upscaling
of reactive transport processes from pore-scales to larger scales.
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