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Abstract

Water-rock interaction (WRI) due to fluid invasion into formation fractures causes po-
tential formation damage during drilling in hot dry rock (HDR) reservoirs. Due to the
developed artificial fractures, drilling fluids will contact and interact with HDR reservoir
fractures, leading to alterations in fracture characteristics. With the increasing popularity
of brine-based drilling and completion fluids, these alterations induced by WRI could be
further enhanced, which requires investigations. In this study, short-term WRI experiments
between the HDR and three reactive solutions, including pure water and alkaline (pH = 10)
6 wt% NaCl/KCl solutions, under temperatures of 25 °C and 180 °C, were carried out.
Rock-surface topography alterations were identified using laser scanning. Morphological
alteration mechanisms were revealed through microscopic and mineralogical alteration
determination using a field emission scanning electronic microscope. Hydrogeochemical
simulations, including reaction kinetics and equilibrium, were conducted to support the
mineralogical alterations. Implications of morphological alterations on fracture permeabil-
ity were demonstrated based on a roughness—permeability model. The results show that
interactions with the alkaline NaCl solution cause the smoothening of the rock surface due
to a coating effect of secondary silicate precipitations, while interactions with pure water
and the alkaline KCI solution result in rock-surface roughening because of feldspar disso-
lution, differential mineral dissolution and biotite hydrolysis dispersion. The secondary
precipitations either cover or fill the pores and cracks, the dissolved feldspar enlarges the
pores and cracks, the differential mineral dissolution coarsens the rock surfaces, and the
biotite hydrolysis dispersion generates pores and cracks on its surfaces. An increase or
a decrease in surface roughness induces a corresponding increase or decrease in fracture
permeability, because the roughness augmentation (roughening) enlarges seepage chan-
nel spaces while roughness reduction (smoothening) narrows them. This work reveals
potential formation damage induced by drilling fluid invasion into fractures within HDR
geothermal reservoirs, and provides theoretical insights for mitigating such damage.

Keywords: hot dry rock; drilling fluids; water-rock interactions; morphological alterations;
fracture permeability
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1. Introduction

Geothermal energy is a promising renewable energy, which stores within geothermal
reservoirs [1,2]. Compared to relatively shallow geothermal reservoirs, deep geother-
mal reservoirs have a higher temperature and larger reserves [3], indicating a greater
exploitation potential. The deep geothermal reservoirs commonly have a poor formation
permeability, and an enhanced geothermal system (EGS) is required to enable fluid circula-
tion and heat extraction by creating an artificial fracture network within the reservoirs. Hot
dry rock (HDR) is a typical type of deep geothermal reservoirs, where reservoir formations
predominantly consist of granite and contain no or little fluids, situated at a depth of
3-10 km with a temperature ranging from 150 to 650 °C [4,5]. An injection well is first
drilled into a target HDR reservoir, followed by artificial fracturing of the reservoir forma-
tion. Then, a production well is drilled and connected to the fracture network to establish
a fluid circulation pathway [4]. However, despite the permeability improvement due to
artificial fracturing, the fractures facilitate the loss of drilling and completion (D&C) fluid
circulation into the reservoir production zone [6-8]. This leads to damage to formation
permeability through the interactions between the fluids and rocks, potentially increasing
exploitation risks and reducing reservoir productivity [9-11].

A series of water-rock interaction (WRI) mechanisms can result in reservoir damages,
including the hydration, shrinkage, hydrolysis, dissolution and precipitation of minerals
and fines migration [12-14]. The main reason is the fracture-aperture alteration resulting
from these WRI mechanisms [15,16], which is primarily attributed to the changes in rock—
surface morphology. For example, the two sides of a rock fracture become unmated due to
mineral dissolution, thereby increasing the effective fracture aperture and permeability [17].
Various degrees of mineral dissolution enhance the discreteness of the height and the
deviation degree of the datum plane on rock surfaces, which causes an increase in the
rock-surface roughness [18]. This is because the heterogeneity of reactive minerals and their
nonuniform distribution result in a nonuniform mineral alterations on rock surfaces [16].
The influencing degree is related to rock types and their compositions, flow rates (i.e.,
Reynolds numbers of the fluid flow), and temperatures, as well as the chemical contents of
the fluids [16,18-20]. As a type of reactive fluids, the invasion of D&C fluids into reservoir
formations and their interactions with the rock can readily induce a variety of damages [21].
D&C fluid invasion results in the dissolution of the micro-asperities on the fracture surfaces,
inducing slip displacement and further aggravating formation stress sensitivity [22].

Currently, brine-based D&C fluids manifest their significance in replacing oil-based
and conventional water-based D&C fluids. Taking brine as the base solution for preparing
D&C fluids is not only in accordance with the local water resource conditions, but also
achieves the required performance of D&C fluids, including rheological, filtration reduction,
anti-swelling, and corrosion inhibition properties [23-25]. Salt content in brine-based D&C
fluids functions as an activity regulator, preventing water molecules from entering the
reservoir formations [26]. During the drilling of well GPK2 at the European HDR site, brine-
based drilling fluids were also utilized, aiming at balancing the formation pressure [27].
Qinghai Province is located in the northwest of China, where surface fresh water resources
are scarce and saline-alkali land is widespread [28]. The Gonghe Basin in Qinghai Province
is a typical HDR site in China [29], and the geothermal water there is alkaline with a high
salinity [30]. Using brine-based drilling fluids is an applicable and economic method for
drilling HDR reservoirs in the Gonghe Basin. However, alkaline salt solutions enhance the
reactivity of drilling fluids, leading to more active WRI [10]. This intensifies the changes
in fracture permeability caused by morphological alterations on rock-fracture surfaces
resulting from WRIL
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To address the above issue, in this paper, the morphological alterations of granitic
hot dry rock (HDR) due to short-term interactions with alkaline salt solutions and their
implications on single-fracture permeability were investigated. Firstly, referring to the
brine-based drilling fluid applied in the HDR project of Soultz, France [27], short-term
WRI experiments, between HDR and alkaline sodium chloride (NaCl) and potassium
chloride (KCl) solutions, were carried out. Subsequently, the morphological alterations
on rock surfaces due to WRI and their mechanisms were determined, including surface
topography, along with microscopic and mineralogical alterations. Hydrogeochemical
simulations were conducted to support the mineralogical alterations. Finally, based on
a roughness—permeability model, the implication of morphological alterations on single-
fracture permeability was revealed.

2. Materials and Methods
2.1. Materials

The granitic HDR rock sample was recovered from a geothermal well at a depth of
2350 m, in the Gonghe Basin, Qinghai Province, as seen in Figure 1. The alkaline salt
solutions include alkaline sodium chloride (NaCl) and alkaline potassium chloride (KCI)
solutions. A pure water group is used as the control. As reported by [30], the main cations
in the geothermal water of Gonghe Basin are Na* + K*, and the dominant anion is C1~.
Additionally, NaCl and KCI are commonly used inorganic salts in brine-based drilling
fluids [26,31]. Drilling fluids with a salt content exceeding 1 wt% are referred to as brine-
based drilling fluids [31]. Further, according to [27], the salt content herein is 6 wt%. The
alkalinity of the salt solutions was achieved by adding hydroxides that contain the same
cation as the corresponding salts, and the solution pH value was adjusted to 10 [10,31].
Details of the utilized chemicals are given in Table 1.
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Figure 1. Schematic diagram of the rough parallel fracture model.

Table 1. Details of the utilized chemicals.

Chemicals Functions Concentrations (%) Providers
Density Sinopharm Chemical Reagent
Nacl regulator 99:5 Co., Ltd., Beijing, China

Density Shanghai Aladdin Co., Ltd.,

ka regulator 99:5 Shanghai, China
Shanghai Aladdin Co., Ltd.,

NaOH pH regulator 96 Shanghai, China
Shanghai Aladdin Co., Ltd.,

KOH pH regulator 85 Shanghai, China
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2.2. Experiments and Tests
2.2.1. Mineral Characterization and Rock Sample Preparation

WRI is influenced by mineral characteristics, and hence the contents, grain dimension
and specific surface area of the HDR minerals were determined [12,15,17]. The mineral con-
tents were determined by X-ray diffraction (XRD) using the D/Max-RC type diffractometer
from Rigaku Co., Ltd., Tokyo, Japan. The rock sample was ground into powders with a
size smaller than 300 mesh for XRD tests. The grain dimension of minerals was identified
by observing the thin sections of the rock sample using a BX51 polarizing microscope
from Olympus Co., Ltd., Tokyo, Japan. The specific surface area of minerals was obtained
from [12,15] based on grain dimension. For WRI experiments, the rock sample was made
into cubes with a size of 10 mm x 10 mm X 10 mm, with one side being polished for the
morphological observations. The cubes (mainly the polished sides) were cleaned uniformly
at a constant rate with deionized water. During cleaning, the electrical conductivity of
washed deionized water was measured repeatedly using a conductivity meter until the
measured value was close to the electrical conductivity of original deionized water and
remained relatively stable. This cleaning protocol ensures the removal of exterior species
from rock surfaces before WRI, and eliminates residual solutes from the rock surfaces after
WRI. After cleaning, the rock samples were dried in a drying oven at 105 °C for 24 h. The
drying conditions can prevent any mineralogical or micro-structural alterations to the gran-
ite rock samples [10]. Six cleaned cubic rock samples were prepared for WRI experiments
numbered 1 to 6, namely, #1-#6. Each sample underwent identical experimental and testing
procedures under various conditions, followed by observation of original rock-surface
morphology and mineralogy, and the subsequent WRI experiments, as well as observation
of rock-surface morphology and mineralogy after WRI experiments.

2.2.2. Solution Preparation

Firstly, 6 wt% salt was thoroughly mixed with pure water in a glass beaker. Then,
the hydroxides were added into the salt solutions until the pH values reached around 10.
The pH values of the solutions were obtained using a digital pH meter. After mixing, the
solutions were heated to boiling and kept boiling for 10 min to remove dissolved gases [10].
The density of the solutions (pg,1) was identified using a digital liquid densitometer. The
initial element content concentrations of the prepared solutions were also determined by
the Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) 725 ES from
Agilent Technologies Co., Ltd., Santa Clara, CA, USA, including silicon (Si), aluminum (Al),
sodium (Na), potassium (K), iron (Fe), calcium (Ca), and magnesium (Mg). The detection
limits of Si, Al, Na, K, Fe, Ca, and Mg are 2.5 ug/L, 0.9 ug/L, 2 ug/L, 4 ng/L, 0.8 ug/L,
0.06 ug/L and 0.04 ug/L, respectively. Pure water, alkaline NaCl solution and alkaline KCI
solution were utilized in #1/#4, #2/#5, and #3/#6, respectively. Details of the prepared
solutions are provided in Table 2.

Table 2. Details of the prepared solutions.

Psol Element Content Concentrations (mg/L)
No. Formulas (g/em?) pH -
Si Al Na K Fe Ca Mg
8.913 x 2.890 x 1.873 x 4.090 x 4.020 x 1.517 x
#1 /#4 Water 100 804 10,1 10,2 101 3475 10,2 101 101
Water + 6 wt% 7463 x 3.220 x 2.595 x 1.667 x 7.300 x 3.887 x
/45 Nacl+NaoH 00 989 10! 10-2 10* 10! 10-3 10! 8.208
Water + 6 wt% 7.323 x 3.560 x 5.830 x 2.1461 x 1.470 x 4.049 x
#3/#6 kel +KOH 1.06 9.92 101 10-2 10! 10* 10-3 10! 8512
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2.2.3. WRI Experiments

The standard immersion method [19] was utilized for the short-term WRI experiments
under 25 °C (#1-#3) and 180 °C (#4—#6) [10]. In each group, a 350 mL solution was used to
interact with a rock cube. For WRI at 25 °C, the cubes were placed in glass beakers, followed
by introducing the solutions into the beakers. The beakers were sealed with covers, and the
residual air in the beakers was displaced with nitrogen (N7). Then, the WRI experiments
proceeded under room conditions for 16 h. For WRI at 180 °C, the cubes were placed in
high-temperature and high-pressure (HTHP) bearing vessels, and the solutions were added
into the vessels. The residual air in the vessels was also displaced with Ny, after which the
vessels were put into a heating oven. Subsequently, the vessels were steadily and quickly
heated to 180 °C, and maintained at 180 °C for 16 h. The WRI experimental duration is
referred to the test duration for recovery rate in the Chinese standard Q/SY 02408-2021
“Evaluation procedure for the inhibition and sodium/calcium tolerance of water-based
drilling fluids”, as the control of WRI essentially belongs to inhibition capacity of drilling
fluids. After interactions, the cubes were cleaned and dried with the same method.

2.2.4. Morphological Identification

Morphological identification of the rock surfaces before and after WRI was performed
to determine the induced morphological alterations. Initially, rock-surface topography
of the observed surfaces was characterized using laser scanning with the VK-X1000 laser
microscope from Keyence Co., Ltd., Osaka, Japan, with a resolution ratio of 0.1 nm, which
is represented by the heights of all points on the scanning surfaces relative to the datum
plane. The scanned region covers the entire polished surface of each rock sample, with an
area of 10 mm x 10 mm. To reveal the topography alteration mechanisms, microscopic
observation and mineralogical identification on the observed surfaces were carried out
through scanning electron microscope and energy dispersive spectrum (SEM-EDS) using
the SUPRA 55 field emission scanning electron microscope (FESEM) from Carl Zeiss AG
Co., Ltd., Oberkochen, Germany, with a resolution ratio of 0.8 nm. The regions observed
via FESEM before and after WRI are identical, and the alignment of these replicated regions
is achieved through the positioning of characterized areas.

2.3. Hydrogeochemical Simulation of WRI

Simulations of mineral reactions between the solutions and rocks were carried out,
aiming at supporting the mineralogical alterations that cause morphological alterations.
The hydrogeochemical simulation was conducted using PHREEQC Interactive 3.6.2-15100,
which is widely applied for calculating hydrogeochemical reactions in saline waters under
various temperatures and pressures [32,33]. The solutions were defined in the Solution
module, and the solution reactants were defined in the Reaction module. The temperatures
were defined in the Reaction_Temperature module, and the minerals were defined in the
Equilibrium_Phases module. For reaction kinetic calculations, the Phases, Rates, and Kinet-
ics modules were used. A mineral reaction kinetic model was defined in the Rates module,
in which the dissolution rate of mineral i can be expressed as follows (Equation (1)) [12]:

o N0.67
o= ki XLZ);] (’Z:JI) ()271 B G))
— iMi ™ SI
= ki ‘?s?ﬂ (”71,;‘%) (1 —10 ) M
0.67
— i SI
= ki ‘Z?)l (”no,i> (1 — 10 )

where r is the reaction rate, k is the reaction rate constant, 4 is the initial surface area of

reactant, V] is the solution volume, m is the remaining mass of reactant, my is the initial
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mass of reactant, ® is the activity quotient, n is the remaining mineral moles, ng is the initial
mineral moles, M is the molar mass, Sl is the saturation index, subscript i denotes mineral i,
and subscript 0 denotes initial. k is determined by Arrhenius equation (Equation (2)) [15]:

Ea
ki = ko; eXp<_RT) 2)

where ky is the pre-exponential factor, Ea is the activation energy, T is the reaction tempera-
ture, and R is the universal gas constant, which is 8.314 x 1073 kJ/mol-K. Additionally, a
is given as (Equation (3)):

ap = mpSSA = ngMSSA 3)

where SSA is the specific surface area of reactant.

2.4. Roughness—Permeability Model

Surface topography alteration of the rock surfaces is quantified by rock-surface rough-
ness, which is represented by arithmetic mean height Sa (Equation (4)) [34]:

1

Sa = = [[1Z(x,y)ldxdy (4)
A

where A is the projected surface area of a scanning surface, and Z(x,y) is the absolute

coordinate of a height within the projected surface area. The change rate of Sa is defined as

1, which is given as (Equation (5)):

Sa’ — Sag ASa

100% = —>=-100% (5)

T= Sao Sao

where Sa’ is the altered arithmetic mean height after WRI. A variation in surface roughness
leads to a change in fracture permeability [35-38]. For laminar flow of incompressible fluids
within single parallel fracture, assuming that the fracture surface exhibits homogeneous
roughness, the roughness—permeability model can be described as (Equation (6)) [37]:

bl 1

K= o 6

125 ' 1+ 2.792¢-0027 ©)
where K is the fracture permeability, b is the effective fracture aperture, [ is the fracture
length, S is the seepage sectional area, and ¢ is the relative roughness of the fracture surface.
¢ is given as (Equation (7)) [37]:

e Sa
= - = — 7

t=1 == )
where e is the mean height of asperities on one fracture surface, which is represented by Sa,
and b is the fracture aperture. S is given as (Equation (8)) [37]:

S = Bh 8)

where B is the fracture width, and # is the height of seepage sectional area. A schematic
diagram of the rough parallel fracture model is illustrated in Figure 1.
Combining Equations (6) and (7) gives:
bl 1

K=—". 9
125 1+ 2.792(Sa/b) %% ©)
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Further, combining Equations (5) and (9) gives Equation (10):

K _ 142.792(Sap/b) %

Ko 7 142.792(Sa/b) 00 (10)
o 142.792(Sag /b) ~*¥
T 142792(Sag/b) " (1) 00F

where the K’ is the changed permeability due to surface roughness alterations. The overall
research process is illustrated in Figure 2.

-
’ A N

i Implications of morphological alterations on single-fracture permeability k \

3
1 b’l 1
1 Keote =
fa=— IJ |2 ey 128 1+2.792(Sa/b) °*

™ Arithmetic mean height Roughness—permeability mode

~

Figure 2. Schematic diagram of the overall research process.

3. Results and Discussions
3.1. Characteristics of the HDR

The prepared rock sample weighs 2.606 g on average using an electronic balance. The
XRD results show that the HDR primarily contains 20 wt% quartz (Qtz), 49 wt% albite (Ab),
29 wt% microcline (Mic), and 2 wt% biotite (Bt). Based on the mineral contents, the HDR is
classified as biotite monzonitic granite [39,40]. As shown in Figure 3, feldspar (Fsp), which
includes Ab and Mic, Qtz and Bt were observed. The mineral grains are in close contact

https:/ /doi.org/10.3390/app16178622
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with each other, indicating a tight rock matrix of the HDR. Statistical analysis of mineral
grain dimension shows that the average grain dimensions of Fsp, Qtz and Bt are 446.8 um,
235.6 pm and 292.3 um, respectively, meanwhile the d50 of Fsp, Qtz and Bt are 349.3 um,
137.4 um and 277.8 um. The mineral grain dimensions, in descending order, are Fsp, Bt
and Qtz.
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Figure 3. Mineralogical characteristics of the HDR: (a) picture of the HDR thin section; (b) grain
dimension of feldspar; (c) grain dimension of quartz; (d) grain dimension of biotite.

3.2. Rock-Surface Topography Alterations and Their Mechanisms
3.2.1. Results of Rock-Surface Topography Alterations

Figure 4 qualitatively shows the topography alterations on the rock surfaces. The
height values of the surface topography are influenced by the selected datum plane. This
has no influence on a qualitative description of the topography across the rock surfaces
and the quantitative determination of Sa. Generally, WRI leads to obvious topography
alterations on the rock surfaces, and a higher temperature significantly promotes these
alterations. After WRI, the topography of rock surfaces in #1 and #3 exhibits a slight
differentiation, while that in #4 and #6 shows intensified differentiation. Both phenomena
suggest an increase in rock-surface roughness. In contrast, in #2 and #5, compared to the
original rock surfaces, the rock surfaces become more uniform after WRI, as evidenced
by the presence of similar and repeatedly occurring topography units. This indicates the
homogenization of the rock-surface topography and, consequently, a reduction in rock-
surface roughness. Figure 5 demonstrates a quantitative description of the topography
alterations. After interaction with the water (#1 and #4) and alkaline KCl solution (#3 and
#6), the Sa of the rock surfaces increases. By contrast, a decrease in Sa is determined after
interaction with the alkaline NaCl solution (#2 and #5). The qualitative and quantitative
results of the rock-surface topography alterations keep consistent.
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Figure 4. Topography maps on the rock surfaces in each group before and after WRIL #1 to #6
corresponds to the rock samples from WRI experiments #1 to #6 respectively.
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Figure 5. Changes in Sa on the rock surfaces in each group before and after WRI: (a) 25 °C; (b) 180 °C.
3.2.2. Morphological Alteration Mechanisms

Microscopic and mineralogical alterations on the rock surfaces are illustrated in
Figure 6. Generally, the magnitude of microscopic morphological alterations on the surfaces
of Bt and Fsp is more significant than that observed on Qtz. Furthermore, the roughened
surface area of feldspar is larger and commonly observed. The alterations mainly contain
the enlargement and generation of micro-pores and cracks on the surfaces of Bt and Fsp,
as well as the precipitation of silicates. In #1, the morphological alterations are nearly
negligible. In #4, generated micro-pores are observed on the Bt surfaces. In #5, similar
alterations are identified, which are characterized by a large number of generated parallel
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#1 Before

.2{)0 pm

200 pm

#2 Dist:3.

#5 Dist. 5

cracks on the Bt surfaces. These pores and cracks can be attributed to the opening of Bt
cleavage fissures, which result from the hydrolysis dispersion of Bt induced by a low K+
concentration in the solution [41]. Additionally, the precipitation of secondary minerals is
observed on the rock surfaces in #2 and #5, which belong to silicate, as evidenced by the
EDS results in Figure 6b. The precipitations either grow along the pores and cracks or cover
them. The precipitation of silicates is given as follows (Equation (11)):

(Na+ KT+ Mg?t 4+ Ca?t 4 Fe2+> + AL(OH); + SiOy(aq) + H20 — silicates (1)

Before

I:I Dist. 1

D Dist. 2

200 pm [N 7 20 um

Silicate pi‘ccipitution§
Ab % 3 A {
200 pm =700 m - 4 20 pm
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Mic Deeper cracks
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(b)

Figure 6. Microscopic and mineralogical alterations on the rock surfaces in each group: (a) SEM images
of each group before and after WRI; (b) EDS results of secondary precipitations on rock surfaces.
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In samples #3 and #6, no obvious pores or cracks are observed on the surfaces of Bt,
indicating that a high K* concentration inhibits the hydrolysis dispersion of Bt. It can also
be seen that the enhanced mineral dissolution at a higher temperature enlarges the cracks
on the Fsp surfaces.

Figure 7 shows the smoothening and roughening mechanisms of rock surfaces. The
smoothening of rock surfaces due to secondary mineral precipitations is defined as a coating
effect [10,42,43]. At the initial stage of WRI, driven by chemical disequilibrium [44], the
leaching of K, Na, Al, and Si from minerals into the solutions happens. The leached element
contents, along with the original solution element contents, lead to increases in solution
content concentrations of K, Na, Al, and Si. This promotes secondary mineral precipitate
on the rock surfaces [5,45,46], which are silicates herein. These precipitations either cover
or fill the pores and cracks on the rock surfaces, thereby smoothening the rock surfaces and
reducing the Sa of #2 and #5. Therefore, although the generated cracks may increase the
rock-surface roughness, the Sa of #5 decreases.

Smoothening mechanisms Roughening mechanisms
7 cTTTTTTTToTTTTmTTTET I mE I Im T = ~ Va [ & - ,_ ________ = LY
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Figure 7. Schematic diagram of the morphological alteration mechanisms of the rock surfaces,
including smoothening mechanisms and roughening mechanisms.

The roughening mechanisms of rock surfaces contain the dissolution of Fsp, the
differential dissolution of minerals, and the hydrolysis dispersion of Bt. The dissolution
of Fsp can enlarge pores and cracks on mineral surfaces, thus increasing rock-surface
roughness. Due to differences in mineral reactivity, varying degrees of mineral dissolution
cause differential dissolution across rock surfaces [47]. Under the reaction conditions
herein, the reactivity of Fsp is significantly higher than Qtz, leading to a greater amount
of dissolved Fsp and a smaller amount of dissolved Qtz. This coarsens rock surfaces and
further increases the rock-surface roughness. In #1, #2, #4, and #5, a low potassium content
in the solutions results in the hydrolysis dispersion of Bt on the rock surfaces. The hydrated
cations in the solutions, including Na* and H3O™, exchange with the K* in Bt. As hydrated
Na™ and H,O are larger than K*, the entering of hydrated cations from the edges of Bt into
the interlayers of Bt crystals causes an increase in the interlayer spacing of the Bt crystal [48].
This results in the opening of Bt cleavage fissures, which is represented by the frayed edges
of Bt. Subsequently, fines will detach from the frayed edges, enlarging or generating pores
and cracks on the surfaces of Bt [49]. The radius of hydrated Na* is larger than that of H,O,
and hence the hydrolysis dispersion of Bt in #5 is significantly more intensified compared
with that in #4. Notwithstanding this typical morphological alteration on the Bt surface, the
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Fsp dissolution and differential dissolution among minerals contribute more substantially
to the roughening of rock surfaces. This is because morphological alterations are pervasive
and cover a larger proportion of the total rock surface area. Accordingly, the rock surfaces
in #3 and #6 still exhibited significant roughening, even when the hydrolysis dispersion of
Bt was inhibited.

3.3. Hydrogeochemical Simulation Results

During simulations, Mic is represented by K-feldspar (Kfs), and Bt is represented by
K-mica in the database of PHREEQC. Given the low biotite content in the rock sample
and its non-reactivity within the experimental conditions adopted in this study [50], the
representing of K-mica by biotite has a negligible influence on the simulation results. The
simulation parameters of WRI are listed in Table 3.

Table 3. Simulation parameters of WRI.

Minerals
P t i
arameters Units Ab Kfs Otz K-mica
(f:ci(;rlrlllllcaasl NaAlSizOs KAISi;0s 5i0; KALS1010(OH),
Molar mass g/mol 262 278 60 398
Initial moles, m mol 4.874 x 1073 2.718 x 1073 8.687 x 1073 1.310 x 10~*
S}:rezfms ;erl:/azce m?/g 0.056 0.254 0.633 0.510
Pre-exponential mol/m?-s 391 x 104 1.28 x 105 276 1.01 x 107
factor, kg
Activation K] /mol 50.7 38 90.1 22

energy, Ea?

! The specific surface area of Ab and Kfs is referred to [12]. 2 The specific surface area of K-mica,
and the pre-exponential factor and activation energy of the minerals are referred to [15]. The specific
surface area of Qtz is inferred from those of other minerals based on grain dimensions.

Figure 8 shows the simulation results of the kinetics of mineral reactions within
elapsed experimental time. Generally, a higher temperature significantly accelerates the
mineral dissolution. Kfs is the most reactive mineral. The amount of dissolved minerals,
in descending order, is Kfs, K-mica, Ab and Qtz at 25 °C, and is Kfs, Ab, K-mica and Qtz
at 180 °C. This is because the dissolution of Fsp increases significantly more than that of
K-mica with rising temperatures. The dissolution of Ab, Kfs, K-mica and Qtz is given as
follows (Equations (12)—(15)) [50-52]:

NaAlSisOs(Ab) + 2H;0 — Na* + AP* + 40H™ + 3510, (12)

KAISi303(Kfs) + 2H,0 — K + AP + 40H ™ + 35i0, 5 (13)
KAl35i3019(OH), (K-mica) + 4H,O — K™ + 3AP" + 38i0,,) + 100H™  (14)
SiO2(Qtz) — SiOy(aq) (15)

The simulations of mineral reaction kinetics reveal that the differences in mineral
reactivity result in a different reacted amount of minerals, thereby leading to differential
mineral dissolution on rock surfaces and an increase in rock-surface roughness (e.g., [16]).
To further elucidate the reaction mechanisms, simulations of reaction equilibrium between
the HDR minerals and solutions were conducted, and the results are given in Figure 9.
When reaction equilibrium is reached, the content of Fsp decreases, while the contents of
Bt and Qtz increase. This indicates that under the experimental conditions in this study,
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Fsp tends to dissolve compared to Qtz and Bt from the perspective of thermodynamics.
Since the dissolved amount of Bt is substantially lower than that of feldspar and Bt tends
to precipitate, the morphological alteration induced by Bt is dominated by hydrolysis
dispersion. The inhibition of Kfs dissolution reduces the precipitation of K-mica and Qtz,
which implies that the dissolution of Fsp provides Al and Si for the precipitation of K-mica
and Qtz [10,39]. The dissolution and precipitation of minerals are a dynamic equilibrium

process. Although Bt has an overall tendency to precipitate, short-term dissolution of

Fsp cannot provide sufficient solutes for Bt precipitation, and hence Bt experiences slight

dissolution in the early stage.
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Figure 8. Simulation results of kinetics of mineral reaction within elapsed experiment time:
(al,a2) pure water; (b1,b2) NaCl + NaOH (pH = 10); (c1,c2) KCI + KOH (pH = 10). Number 1
denotes temperature of 25 °C, and number 2 denotes temperature of 180 °C.
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Figure 9. Simulation results of reaction equilibrium between the HDR minerals and solutions. Am;
is the changed mass of mineral 7, and m,; is the initial mass of mineral i. The blue background
color corresponds to simulations performed at 25 °C, and the red background color corresponds to
simulation performed at 180 °C.

3.4. Implications of Morphological Alterations on Single-Fracture Permeability
3.4.1. Validation of Numerical Calculation Model

The numerical calculation model, namely, the roughness—permeability model, is
shown in Equation (9). To verify the rationality and applicability of the model, parallel
rough-fracture seepage experiment data collected from Ref. [37] was adopted to compare
with the permeability values through theoretical calculations based on the model. The
relative errors (&) between theoretical values and experimentally determined values are

calculated by Equation (16):

[Ke — K]

5 = x 100% (16)

where K, is the experimentally determined permeability. Table 4 gives the specific parallel
rough-fracture seepage experiment data, and Figure 10 shows the comparison between the
theoretically calculated permeability and experimentally determined permeability.

Table 4. Parallel rough-fracture seepage experiment data.

No. S (m?) I (m) e b (um) K. (um?)  Reference
1 0.800 50 0.015
2 0.400 100 0.120
3 0.04 0.2 0.267 150 0.989 [37]
4 0.200 200 2.588
5 0.133 300 8.398

Figure 10 indicates that when the fracture aperture is less than 100 um, the model
can effectively predict permeability, with the relative error around 10 %. Nevertheless,
with the fracture aperture increase from 100 um to 150 pm, the relative error increases
sharply, and continues to rise with further increases in the fracture aperture. This could be
attributed to the transition of the flow regime from laminar to turbulent flow. The opening
of the fracture aperture weakens the restrictive effect of the flow boundaries, namely, the
rough rock surfaces, on fluid flow within fractures, which enhances the inertial effect.
The enhanced inertial effect promotes the flow regime transition from laminar flow to
turbulent flow [53]. Given that the roughness—permeability model is merely valid under
laminar flow conditions, this transition renders the model inapplicable. Therefore, the
roughness—permeability model can only be applied to predict the permeability of fractures
with a (mechanical) aperture of less than 100 pm.
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Figure 10. Comparison between the theoretically calculated permeability and experimentally deter-
mined permeability.

3.4.2. Predictions of Permeability Changes Due to Morphological Alteration

Fracture permeability plays a crucial role in the productivity of HDR geothermal
reservoirs [9]. The roughness of rock-fracture surfaces has an important influence on
fracture seepage characteristics, especially fracture permeability [35]. Based on Equation
(10), the permeability alterations due to WRI between the HDR and different alkaline salt
solutions under 25 °C and 180 °C are presented in Figure 11. A single fracture with a
aperture of 100 um is considered. During calculation, the fracture aperture is assumed
to be constant. The results show that fracture permeability increases as Sa increases and
decreases as Sa decreases. This is because, when the fracture aperture is fixed, an increase
in Sa enlarges the seepage channel space, thereby increasing fracture permeability. On the
contrary, a decrease in Sa narrows the seepage channel space, leading to a fracture perme-
ability reduction [13,38]. The mechanisms are demonstrated in Figure 12. Additionally, the
enhanced alterations in Sa promote the fracture permeability alterations.
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Figure 11. Predicted single-fracture permeability changes due to morphological alterations induced
by WRIL
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Figure 12. Schematic diagram of single-fracture permeability change mechanisms due to morphologi-
cal alterations induced by WRI

3.4.3. Permeability Changes Due to Various Fracture Parameters

Based on the roughness—permeability model (Equation (9)), the changes in perme-
ability caused by various fracture parameters before and after WRI in the alkaline KCl
solution under 180 °C (#6) are taken as the numerical calculation example (Sag = 33.84 um,
Sa =61.41 um). The numerical calculation results are shown in Figure 13. Model parameters
of the fractures along with their values are presented in Table 5.

Table 5. Model parameters of the fractures and their values.

Items Units Values
Arithmetic mean height, Sa pum 33.84 um (Sag), 61.41 um (Sa)
Fracture aperture, b pm 61.41-100
Fracture width, B m 0.01-0.1
Fracture section area
height, h m 0.02
Fracture length, [ m 0.01-0.1

The results elucidate that fracture permeability is positively correlated with the fracture
aperture b and fracture length I, while it is negatively correlated with fracture width
B. The differences between fracture permeability before and after WRI are intensified
by an increase in the values of b and /. Fracture width B has a negligible influence on
fracture permeability before and after WRI. The influence of fracture parameter changes
on fracture permeability alterations induced by surface roughness variations is essentially
attributed to changes in the effective fracture aperture resulting from the surface roughness
variations. The decrease in B and the increase in I directly change the fracture surface area.
The fracture permeability within the increased fracture surface area is influenced by the
effective aperture alterations induced by rock-surface roughness alterations, and hence the
alterations in fracture permeability are enhanced.
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Figure 13. Permeability alterations due to various fracture parameters before and after WRI in
alkaline KCl1 solution under 180 °C: (a) fracture aperture b; (b) fracture width B; (c) fracture length I.

4. Conclusions

In this study, short-term (16 h) WRI experiments between the HDR and three reactive
solutions, pure water, the alkaline 6 wt% NaCl solution (pH = 10) and the alkaline 6 wt%
KCl solution (pH = 10), were carried out. The morphological alterations on the rock surfaces
and their mechanisms were investigated. Based on the roughness—permeability model, the
implication of morphological alterations on fracture permeability was revealed. The main
findings are drawn as follows:

1. Short-term WRI between the granitic HDR and the reactive solutions can lead to
morphological alterations on the rock surfaces. The alkaline 6 wt% NaCl solution
leads to smoothening of the rock surfaces, while pure water and the alkaline 6 wt%
KCl solution cause roughening. A higher temperature promotes these morphological
alterations. The smoothening of the HDR surfaces results from a coating effect due to
secondary silicate precipitations. Initially, K, Na, Al, and Si leach out from the minerals
into solutions, which induces silicate precipitations. These precipitations either cover
or fill the pores and cracks on the rock surfaces. The roughening mechanisms of
the rock surfaces contain the dissolution of Fsp, the differential dissolution between
minerals, and the hydrolysis dispersion of Bt. Fsp dissolution causes the enlargement
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of pores and cracks, and the differential dissolution of minerals causes the coarsening
of rock surfaces. The hydrolysis dispersion of Bt, which is attributed to a low K*
concentration in solutions, enlarges and generates pores and cracks on the Bt surfaces.

2. With a fracture aperture less than 100 pm, the smoothening and roughening of rock
surfaces led to a decrease and an increase in fracture permeability, respectively. Con-
sidering a fixed fracture aperture, the precipitations that cause the smoothening
narrow the seepage channel space, leading to a permeability reduction. The dissolu-
tion and hydrolysis dispersion of minerals enlarge the seepage channel space, and
hence increase fracture permeability. For the millimetric to centimetric scale range
of the rock sample size in this study, these morphological alterations enhance the
influence of fracture parameters, including fracture length (/) and fracture aperture
(b), on fracture permeability. This study mainly focuses on the influences of seepage
channel space changes due to WRI on a single rough parallel fracture with homoge-
neous fracture surface roughness. Nevertheless, factors including the contact area,
aperture distribution, fracture tortuosity, mechanical closure, mineral infilling, and
stress conditions also exert notable influences on fracture permeability, necessitating
further investigations.

3. This study demonstrates that short-term WRI between the HDR and the alkaline salt
solution can influence fracture permeability by altering the rock-surface roughness.
The alkaline 6 wt% NaCl solution reduces the fracture permeability by smoothening
the rock surfaces. By contrast, the alkaline 6 wt% KCl solution increases the fracture
permeability by roughening the rock surfaces, and can inhibit Bt hydrolysis dispersion,
which might lead to fines migration. From the perspective of WRI inhibition, the
alkaline 6 wt% KCl solution has a better reservoir protection capacity. It should
be noted that the salts and pH regulators jointly influence WRI in this study. In
future works, the salinity effect and pH effect can be separately investigated to better
understand the WRI regulating mechanisms. Furthermore, the D&C fluids have
much more complex compositions, which could also participate in WRI through
distinct mechanisms.

4. Owing to the limitations of the equipment, only small-scale morphological alterations
on the rock surfaces were identified. Nevertheless, the relationships among mineral
alterations, morphological alterations, and permeability changes provide insights into
the elimination of HDR reservoir damage from the perspective of optimizing fluid
contents. Given that fluid transport in geothermal reservoirs is governed by complex
fracture networks, extrapolating the results from a single fracture to reservoir-scale
permeability requires additional justification or numerical validation.
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Albite Ab

Biotite Bt

EGS Enhanced Geothermal System
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HDR Hot Dry Rock

HTHP High-Temperature and High-Pressure
Kfs K-feldspar

Microcline  Mic

Quartz Qtz
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WRI Water—Rock Interaction
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