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Abstract: Field operations report that at least half of the fracturing fluid used in shale reservoirs is
trapped. These trapped fluids can trigger various geochemical interactions. However, the impact of
these interactions on well performance is still elusive. We modeled a hydraulic fracture stage where
we simulated the initial conditions by injecting the fracturing fluid and shutting the well to allow the
fluids to soak into the formation. Our results suggest a positive correlation between the dissolution
and precipitation rates and the carbonate content of the rock. In addition, we observed that gas and
load recovery are overestimated when geochemical interactions are overlooked. We also observed
promising results for sea water as a good alternative fracturing fluid. Moreover, we observed better
performance for cases with lower-saline connate water. The reactions of carbonates outweigh the
reactions of clays in most cases. Sensitivity analysis suggests that the concentration of SOy4, K and
Na ions in the fracturing fluid, and the illite and calcite mineral content, along with the reservoir
temperature, are the key factors affecting well performance. In conclusion, geochemical interactions
should be considered for properly modeling the fate of the fracturing fluids and their impact on
well performance.

Keywords: geochemical modeling; shale reservoirs; hydraulic fracture

1. Introduction

The shale boom started by combining the multistage hydraulic fracture technique and
horizontal drilling technology [1-3]. King [4] reported that the recovery of fracturing fluid
in shale reservoirs ranges from 10 to 50% depending on the shale characteristics and opera-
tional parameters, as shown in Figure 1. Unfortunately, the trapping mechanisms of the
fracturing fluids and their impact on well performance are still elusive [5-8]. In this study,
we consider residual trapping, capillary suction, permeability jail and mineral trapping.

Given the heterogeneity of the shale systems, the fate of the fracturing fluid is a
multi-faceted topic [9-11]. The salinity contrast between the fracturing fluid and the
connate water would induce osmosis flow which will impact the load recovery and the
well performance, on load recovery [12]. Considering the capillary suction and the osmosis
flow, Fakcharoenphol et al. [13] optimized the shut-in time after the well completion to
improve the well performance. In the same vein, Le, Hoang and Mahadevan [14] reported
that the capillary suction significantly affects the fracturing fluid redistribution in tight
rocks and the gas relative permeability in the invaded zone. On the other hand, Agrawal
and Sharma [15] showed that the fracturing fluid might also get trapped in the fractures,
affecting the load recovery and well performance. Additionally, Gdanski and Walters [16]
studied the impact of fracture conductivity, matrix permeability and shut-in time on load
recovery and well performance. They attributed the contradictory observations on best
practices for shut-in times to the variation of the relative permeability quality between
reservoirs. Furthermore, Mahadevan, Sharma and Yortsos [17] examined the potential of
water evaporation as a cleaning mechanism for trapped fluids. However, limited research
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has focused on the impact of induced geochemical interactions on the fate of the fracturing
fluid and the well performance.

The introduction of oxygenated, low-salinity and pH-neutral slick water to a reduc-
ing, reactive and heterogeneous system like shale would disturb the system equilibrium.
The resulting interactions include geochemical reactions such as aqueous, ion exchange
and rate-controlled reactions and physiochemical reactions such as clay swelling [18,19].
Akrad, Miskimins and Prasad [20] experimentally investigated the impact of these interac-
tions on reservoir characteristics, where they reported conductivity and strength loss for
various shale samples after exposure to slick water. It is notable that, while the conductiv-
ity loss directly affects well performance, formation softening endangers the prolonged
production lifetime [21].
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Figure 1. Load recovery (%) and fracturing treatment volume (MM Gallon) for the main shale-
producing plays in the United States (Adapted from King [22]). Vertical lines with end caps represent
the error bars.

Shale has a heterogeneous composition consisting of three mineral groups, carbonates,
clays and quartz. While carbonates and clay minerals are considered reactive minerals,
quartz is considered non-reactive for a well’s lifetime. We also highlighted the differences
between sea water, connate water and slick water in terms of salinity and pH, as shown in
Figure 2. The incompatibility between injected water and formation brine stimulates scale
deposition, which can severely curtail flow capacity and reservoir performance. In addition,
the pH contrast stimulates more geochemical reactions to achieve the lost equilibrium. It is
worth noting that sea water salinity has a salinity between slick water and formation brine
and a relatively high pH value.

This paper studies the impact of geochemical interactions on the fate of the fracturing
fluid and the well performance. We organized the rest of the paper as follows: the method-
ology section presents the model’s details and the geochemical interactions, the results
section discusses the well performance and geochemical interactions in various scenarios,
the sensitivity study highlights the key factors, and the conclusions section summarizes the
main findings.
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Figure 2. Comparison between connate, slick and sea water in terms of salinity and pH [23].

2. Methodology

Modeling the geochemical interactions accompanying the fracturing fluid is a compu-
tationally intensive task. Therefore, an efficient approach is desirable, which optimizes the
computational cost and accuracy. We discuss ours in the following subsections.

2.1. Reservoir Modeling

Field observations suggest complex fracture networks in shale reservoirs which makes
direct modeling more challenging. Martin [24] presented an analogy between the tradi-
tional fractures and shale fracture networks, as shown in Figure 3. While the traditional
planar fractures are sufficient to stimulate conventional wells in sandstones and carbonates,
the complex fracture networks are essential to enable economical hydrocarbon production
from shale reservoirs. However, the explicit modeling of highly unstructured permeable
fractures embedded in an ultra-tight matrix is computationally expensive and prone to
numerical error. Fortunately, Cipolla et al. [25] proposed the DK-LS-LRG (dual permeabil-
ity, logarithmically spaced, and locally refined grid) approach, which efficiently accounts
for both the conductivity enhancement and the complexity of the fracture network. This
approach models the stimulated reservoir volume (SRV) through a network of perpendic-
ular primary and secondary fractures. Figure 4 presents a comparison between explicit
hydraulic fracture (EHF) and SRV using DK-LS-LRG.

Figure 3. Analog comparison between (a) unconventional fracturing and (b) conventional planar
fracture [20].
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Figure 4. Schematic illustration of the SRV using (a) DK-LS-LRG and (b) EHF.

We simulated a hydraulic fracture stage using a CMG-GEM-GHG module. Table 1
summarizes the reservoir characteristics. We adopted different relative permeability sets
for low- and high-salinity waters, as shown in Figure 5. For more discussions on the main
characteristics of low- and high-salinity relative permeability sets, we refer the reader
to Webb, Lager and Black [26]. While the relative permeability set of the high-salinity
water was adopted from literature on tight reservoirs, the relative permeability set of the
low-salinity water was defaulted by CMG based on the cation exchange. The software
interpolates relative permeability at each step depending on the estimated ion exchange
and the corresponding change in water composition. The initial conditions are mimicked
by injecting the fracturing fluid, shutting the well for one month to allow the fluids to soak
in, and then starting the production. The implementation of a one-month shut-in period
was recommended by Mehana and El-Monier [8] so that both hydrocarbon and slick water
recovery are optimized.

Table 1. Input Parameters for Reservoir Simulation.

Model Parameters Value
Model Dimensions 420 x 420 x 100 ft.
Reservoir Pressure 5000 psi
Matrix Porosity 7%
Natural Fracture Porosity 1%

Matrix Permeability 1.5 x 1074 md
Fracture Conductivity 4.13 md-ft.
Reservoir Temperature 250 F

Natural Fracture Spacing 10 ft.
Shut-in time 1 month

0.9 +
0.8 +
0.7 +
0.6 +
205 1
0.4 +
03 + g
02 + :
01+

0.7 0.8

Figure 5. Relative permeability sets for low- and high-salinity water.
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2.2. Geochemical Interactions

Nghiem et al. [27] developed a fully coupled geochemical EOS compositional simulator.
This simulator was initially developed to model CO, sequestration in subsurface systems.
Various modifications, extensions and additions have been incorporated to properly enable
the geochemical modeling. Fortunately, the simulator became capable of modeling the
aqueous, rate-controlled and ion exchange reactions. Consequently, it has been used to
mechanistically model the impact of low-salinity water flooding on the recovery factor. In
this study, we extend the applications of this model to study the impact of the fracturing
fluid on well performance.

We considered the ion exchange, aqueous and mineral geochemical interactions. All
these interactions are reversible and are controlled by the activity of products and reactants,
as shown in reaction (1). However, the geochemical modeling of incompatible waters in
heterogeneous porous media entails various permutations to determine the path for the
least energy system.

The kinetics of mineral reactions include the chemical equilibrium constant, activation
energy and specific surface area. While the equilibrium constant depends on the activity
of the products and reactants, the activation energy and specific surface area are mineral-
specific characteristics. Tables 2 and 3 summarize our database which is adopted from [27].
Both quartz and K-feldspar minerals are considered non-reactive minerals at reservoir
conditions within the well’s lifetime [28].

The cation exchange capacity represents the total amount of exchangeable cations
that can be adsorbed on a negatively charged surface. Consequently, both clay minerals
and organic matter are expected to have a higher capacity compared to carbonates and
quartz. While the charge of the clay minerals is controlled by the isomorphous substitution,
the charge of the organic matter is pH-dependent. Therefore, the composition and pH of
fracturing fluid highly affect the stability and the structure of surface-charged minerals.

Note that the exchange reactions could explain the impact of water salinity on the
wettability alteration of the reservoir matrix. Given that the lower the water salinity is,
the more water-wet the matrix becomes, the impact of water salinity on the end points
and curvature of the relative permeability could be estimated. Therefore, the interpola-
tions between the low- and high-salinity relative permeability sets are tied to the cation
exchange reactions.

Slick water is water with low concentrations of either friction reducer or linear gel [29].
We adopted the detailed chemical analysis of slick water from King [22]. On the other hand,
the salinity and ion concentrations of the connate water are formation-specific properties.
The chemical analysis of Haynesville shale connate water and another typical connate
water are presented in Table 4. We also included sea water composition to evaluate it as a
fracturing fluid alternative.

Table 2. Geochemical Modelling Database [30].

Mineral Area (m*/m®)  Activation Energy (J/mol)  Log Keq (mol/(m?s)) at 25 °C
Kaolinite 17,600 62,760 —13.18
Tllite 26,400 58,620 —14
Calcite 88 41,870 —8.79
Dolomite 88 41,870 —9.22
Quartz 7128 87,500 —-13.9
K-Feldspar 176 67,830 —12

Table 3. Ion Exchange Reactions and Constants [31].

Exchange Reactions Exchange Constant (100 °C)
CaZt + 2NaX +— [ 2Na* + CaX; 11.31
Mg?* + 2NaX <— (] Na* + MgX, 7.25

H* + NaX +— N Na* + HX 10
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Table 4. Chemical Analysis of Slick, Connate and Sea Water (ppm) [32].
Ions Slick Water Connate Water Sea Water Haynesville
HCO3™ 49 354 12 -
Ca** 29 19,040 650 26,040
SO4~— 5 350 2290 -
Mg** 3 2439 1110 1460
Na* 80 59,491 10,352 18,400
Cl™ 30 102,060 18,379 71,102
K* 984 - 600 310
CO3™~ 640 - - -
Ba*2 1 - - -
Fe*? 1 - - -
B*3 120 - - -
Si— 2 - - -
Total 1944 183,734 33,393 117,312

2.3. Sensitivity Analysis

We performed a sensitivity analysis for the impact of water composition, mineral
content and reservoir temperature (13 parameters) on well performance using CMOST
(CMG module). We used the design of experiment (DOE), fractional factorial design
approach to generate sensitivity scenarios to efficiently explore the uncertainty space [33].
The factorial design reduces the number of simulations needed by allowing several factors
to change simultaneously. In addition, it quantifies the effect of each parameter and the
interactions between the factors as well. We used a two-level design where a high and a
low value are assigned for every parameter. A full fractional factorial design would require
213 (8192 runs). However, a fractional factorial design only required 128 runs. Afterward,
we used the analysis of variance (ANOVA) to estimate the parameter impact on the output.
ANOVA estimates the total variations as the sum of the squares of the deviation from the
mean output. Then, the impact of each parameter is the percentage of the variation of this
parameter from the total variations. For more details and discussion on fractional factorial
design and ANOVA, we refer the readers to Schepdael, Carlier and Geris [33]. We also
used the response surface methodology (RSM) correlates the input parameters with the
responses (output) using a proxy model where the original reservoir simulation model is
replaced with proxy model of linear or quadratic form.

3. Results

In this section, we first present the impact of geochemical interactions on mineral
dissolution and precipitation and on well performance. Then, we report the effects of
connate water composition and rock mineralogy on well productivity. After that, we
highlight the sensitivity analysis results.

3.1. Mineral Dissolution and Precipitation

The disturbance of the geochemical equilibrium, by introducing slick or sea wa-
ter, stimulates the geochemical reactions to regain the lost equilibrium. The relative
availability of the reactants and the products determines the direction of the reversible
geochemical reactions. However, in heterogeneous systems such as porous media,
where the chemical equilibrium is the outcome of the various mineral, aqueous and
ion exchange reactions, the path to the lowest energy state determines the direction
of the reactions. Subsequently, this entails various permutations and arrangements to
determine the path to the equilibrium state.

Surprisingly, the load and gas recovery resulting from the implementation of sea
water as a fracturing fluid surpasses those from slick water. The detailed dissolution and
precipitations reactions are presented in Figure 6. It is evident that a higher reaction rate
is reported in the case of sea water injection. While dolomite precipitation and calcite
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dissolution are observed for slick water, the reverse is reported for the case of sea water.
This behavior could be attributed to the availability of the “Ca**” and “Mg**” cations in
the sea water compared to the slick water. It is worth noting that negligible reactions are
observed for the clay minerals in both cases. The reaction kinetics and thermodynamic
characteristics of carbonates explain the higher mineral reactivity detected for carbonates
compared to clay minerals [28].
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Figure 6. The mineral content change (gmole): (a) slick water and (b) sea water.

Load and gas recovery results for these cases are shown in Figure 7. The poor load
and gas recoveries for slick water might be attributed to its relatively limited mobility
compared to sea water. On the other hand, ignoring geochemical coupling results in an
overestimation of both gas and load recovery.
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Figure 7. Well Performance: (a) gas recovery, (b) load recovery.

3.2. The Impact of Connate Water Composition

Connate water salinity and composition is a formation-specific attribute where various
equilibrium reactions between the rock and water change the connate water to a highly
saline and dense fluid. Therefore, the longer the water resides or migrates in porous media,
the more saline it gets. The salinity of the connate water associated with hydrocarbon
accumulation ranges from 20 to more than 300 g/L [34].

According to the simulation results presented in Figure 8a, a dramatic change is
observed for the slick water case using the connate water composition of Haynesville
compared to the base case discussed in the previous section. While the dolomite dissolution
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is diminished, the kaolinite dissolution and illite precipitation become more tangible.
Additionally, higher cumulative gas recovery is observed for Haynesville, as reported in
Figure 9a, for both slick and sea water cases. While the load recovery for the slick water
case does not exhibit any dependence on the connate water salinity, as shown in Figure 9b,
more recovery is observed for the Haynesville case when sea water is used.
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Figure 8. The mineral content change (gmole) using Haynesville connate water composition: (a) slick
water and (b) sea water.
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Figure 9. Stimulated well performance using Haynesville connate water composition: (a) gas recovery,
(b) load recovery.

The mineral reactions reported in Figure 8b show similar results to what has been
observed for the base case. It is worthwhile mentioning that the relatively lower-saline
connate water of Haynesville has stimulated more clay minerals reactions. While the clay
content change is in the order of tens in the base case, it is in the order of hundreds in the
Haynesville case. In addition, a slight increase is reported in both the calcite dissolution
and dolomite precipitation. Contrary to slick water, we observed sudden changes in the
mineral content after 200 days of production and around 1250 days. These changes are
correlated with the changes in the water production presented in Figure 9. We attribute
these changes to the water fluxes coming from the natural fractures and formation matrix as
the production progresses. These new water fluxes would disturb the achieved equilibrium
in the fracture network and might induce new geochemical interactions.

The salinity contrast between the injected water and connate water is a key factor con-
trolling the geochemical interactions and their impact on well performance. Lower salinity
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contrast leads to enhanced well performance, as can be seen in the case of Haynesville,
which has low-saline connate water compared to the base case. This relatively low-saline
connate water would result in a better hydrocarbon mobility, as shown in Figure 5. Con-
sequently, better gas recovery is observed for the Haynesville cases compared to the base
cases. In addition, better performance was reported for sea water compared to slick water.

3.3. The Impact of Carbonate Mineral Type

The simulation results suggest that carbonate reactions are more pronounced than clay
reactions. Therefore, we discuss the impact of carbonate mineral types on the geochemical
reactions and well performance. The main carbonate minerals are calcite (CaCOj3) and
dolomite (CaMg(COs3),). While the previous scenarios contained equal mineral content of
calcite and dolomite at 15% each, this section involves two cases: one with calcite as the
sole carbonate mineral and one with dolomite.

Figure 10 presents the simulation results for the dolomite case. It is evident that the
geochemical reactions are depressed when sea water is injected, and subsequently, better
gas and load recovery are reported for this scenario in Figure 11 compared to both the
calcite case as well as the base case. On the other hand, similar results to the base case
are reported for slick water injection when it comes to mineral reactions, as highlighted
in Figure 10a.

3,000 500
(b)
R 2,000 (a) _ B - S ——— .
g 1,000+ g
'g? 0 . . . ;
§ ———— E'g:g:neﬂe E Caicite
2 (R lite = .1.000 — o — — . Dolomite
-1.0004% —==—=-—- Kaolnte | |  |eesseea- llite
,,,,,,,,,,,,,,,,,,,,,,,,,, ——- e K30lNnite
2,000 , . . 1,500 . v . |
0 500 1,000 1,500 0 500 1,000 1.500 2,000
Time (day) Time (day)
Figure 10. The mineral content change (gmole) using dolomite as the sole carbonates mineral: (a) slick
water and (b) sea water.
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| ----- Slick Water-Dolomite = = — Slick Water-Dolomite
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‘fz 1+ S 5% +
S
0 y ' 0% - t }
0 500 1000 1500 0 500 1000 1500

Time (days) Time (days)

Figure 11. Stimulated well performance with calcite and dolomite as the only carbonates minerals:
(a) gas recovery and (b) load recovery.
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When dolomite is taken out of the picture, calcite exhibits more reactivity with sea
water than slick water, as shown in Figure 12. In the case of slick water, there was no
impact on load and gas recovery, as shown in Figure 11. In the case of sea water, the lower
reactivity, observed in the dolomite case, results in higher gas and load recovery as shown
in Figure 11. In both cases, sea water exhibits better performance compared to slick water.
Clearly, slick water is activating the dolomite reactivity, probably due to the absence of
Mg*? ions in the aqueous. On the other hand, sea water activates the dissolution of calcite,
where tangible precipitation is observed, leading to lower recovery.

1507 20,0004
(a) (b)

1004 5 10,000+ ;.-" e
) S )
£ s
el === i) 3 ol . -
g | IR Hite g
2 2 T el Kaalinite £
o i 3
2 . R _ N _ 2 10,0004 >
2 o7 | o [== Core
Z 5 T et Ilite:
E ;‘:; 1 R Kaolinite

0/ S -20,000{ \__

1004 . . . -30,000 . . . |

0 500 1,000 1,500 0 500 1,000 1,500 2,000
Time (day) Time (day)
Figure 12. The mineral content change (gmole) using calcite as the sole carbonates mineral: (a) slick
water and (b) sea water.
Sensitivity Analysis Results

Shale reservoirs and formations fluids are complex and heterogeneous [35-39]. There-
fore, we conducted a sensitivity analysis to identify the key parameters controlling the load
and gas recovery. This section presents the sensitivity results of both sea and slick water as
fracturing fluid.

The input parameters selected include mineral content, fracturing fluid composition
and reservoir characteristics. Table 5 summarizes the upper and lower limit of the input
parameters. The total number of simulations is reduced from 213 to 72 by using the DOE
and the factorial design options in CMOST. According to the results, a proxy model was
generated to emulate the actual reservoir simulation model. In addition, a tornado plot
is generated to represent the relative importance of the various factors (the positive effect
means a positive correlation between the input parameters and the objective output and
vice versa).

Table 5. The upper and lower limits for the sensitivity analysis input parameters.
Slick Water Sea Water
Parameter
Base Lower Upper Base Lower Upper
Ca*? (Mole/L) 0.000724 0.000543 0.000904 0.000299 0.000225 0.000374
Cl~ (Mole/L) 0.000846 0.000635 0.001058 0.5184 0.3888 0.648
H* (Mole/L) 9.9216 x 107 7.44 x 1077 1.24 x 10~¢ 9.92 x 10~ 11 7.44 x 10~ 1.24 x 10710
HCO™3 (Mole/L) 0.01638 0.01229 0.0205 0.01065 0.007989 0.01332
K* (Mole/L) 0.02517 0.01888 0.03146 0.04566 0.03425 0.05708
Mg*? (Mole/L) 0.000123 9.26 x 107° 0.000154 0.4567 0.3377 0.5629
Na* (Mole/L) 0.00348 0.002609 0.004349 0.02384 0.01788 0.0298
SO;? (Mole/L) 521 x 107° 3.90 x 107> 6.51 x 107° 0.011534 1.15 x 1072 1.92 x 1072
T (F) 250 187.5 312.5 250 187.5 3125
Calcite 0.15 0.1125 0.1875 0.15 0.1125 0.1875
Dolomite 0.15 0.1125 0.1875 0.15 0.1125 0.1875
Mllite 0.15 0.1125 0.1875 0.15 0.1125 0.1875
Kaolinite 0.15 0.1125 0.1875 0.15 0.1125 0.1875
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According to the sensitivity results for slick water, gas recovery depends mainly on the
concentration of K* and 804_2 and illite content, as shown in Figure 13. Equally importantly,
load recovery is positively correlated with reservoir temperature and K* concentration
and negatively correlated with SO;2 concentration and illite content. On the other hand,
the sea water results suggest a positive correlation between both gas and load recovery
and the concentration of SO4_2 and Na*, as shown in Figure 14. In addition, the reservoir
temperature enhances the water recovery and lessens the gas recovery in the case of sea
water injection.

Maximum — Mz .
Minimum 1 Minimum —
SO,*S0, [ Temperature
K*K
K*K [ ]
. . SO,*S0,
Illite*Illite [ ) _ h
Illite*Illite
SO I
SO,
Hiite ' Tilite
K | K
-1 x105 0 1x105 2x10° 3 x10° 4 x10° 0 50 100 150 200 250
Gas Recovery (ft%) Water Recovery (bbl)
Figure 13. The effect estimates of the main parameters for slick water as fracturing fluid.
o Minimum
Minimum
Temperature
Na| [
Na
SO,
q so,
Temperature] ! Calcite

-2 x106 0 2x105 6x10° 1x107 1.4 x107 200 0 200 400 600 800 1000

Gas Recovery (ft) Water Recovery (bbl)

Figure 14. The effect estimates of the main parameters for sea water as a fracturing fluid.

4. Conclusions

We have investigated the impact of the geochemical interactions on the fate of the
fracturing fluid and well performance in shale reservoirs. In addition, we have explored
the feasibility of sea water as an alternative fracturing fluid and have provided a sensitivity
analysis of the critical factors controlling well performance. The findings support the
following conclusions:

e  Neglecting geochemical coupling results in an overestimation of both load and gas
recovery. We observed that geochemical interactions could reduce gas recovery and
load recovery by more than 50%.

e  Sea water, as a fracturing fluid, consistently results in higher load and gas recovery
compared to slick water (almost double). In fact, the salinity contrast between the
injected fluid and the formation brine correlates negatively with well performance.
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We observed that sea water promotes calcite dissolution, while slick water promotes
dolomite dissolution.

e In most cases studied, clay mineral interactions are minimal compared to carbonate
mineral interactions. The highest amount of clay interactions are observed in the case
of slick water injection into the lower-salinity connate water case of Haynesville.

e  Sensitivity analysis suggests that the concentration of 504_2, K* and Na™* ions in
the fracturing fluid and illite and calcite mineral content of the rock, along with the
reservoir temperature, are the main key factors affecting well performance.

The fate of the fracturing fluids is a puzzling phenomenon. However, geochemical
interactions could be responsible for some trapping (more than 50% reduction in the load
recovery when considering the geochemical interactions). While computationally intense,
geochemical and reactive modeling is sometimes essential for adequately describing the
complexity of subsurface phenomena. Coupling reactive modeling and machine learning
could alleviate the computational intensity and enable the modeling of more complex
systems such as CO, mineralization.
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