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Abstract

The geochemical characteristics of reinjection fluids play a crucial role in controlling water—
rock interactions and the long-term stability of geothermal reservoirs. This study aims to
evaluate how different fluid chemistries affect mineral dissolution—precipitation behavior
and ion migration during geothermal reinjection. Five types of reinjection water—including
geothermal source water (i.e., formation water from the reservoir), primary and secondary
treated waters, and their mixtures—were reacted with carbonate rocks from the Wumishan
Formation of the Xiong’an New Area, North China Basin, under reservoir-like conditions
(70 °C, 17 MPa). A combination of batch experiments, inverse modeling using PHREEQC,
and one-dimensional reactive transport simulations was employed. Results show that fluid
pH, ionic strength, and saturation state significantly influence reaction pathways. Alkaline-
treated waters enhanced silicate dissolution, increasing Na*, K*, and Si concentrations,
while source water and its mixtures promoted carbonate precipitation, increasing the risk of
clogging. Simulations revealed that the early injection stage is the most reactive, with rapid

ion front advancement and strong mineral transformations. Reaction-controlled ions such
as Ca%* and SO4%~ formed enrichment zones, while conservative ions like Na* and Cl~

propagated more uniformly. Moderate alkaline regulation was found to mitigate carbonate

scaling and improve silicate reactivity, thereby reducing permeability loss. This integrated

approach provides mechanistic understanding and practical guidance for reinjection fluid

design in medium-to-deep geothermal systems.

Keywords: geothermal system; water—rock interaction; carbonate reservoir; reactive
transport modeling

1. Introduction

As the global development of geothermal energy accelerates, ensuring the sustainable
utilization of geothermal resources has become a central challenge in both research and
engineering practice. Geothermal reinjection, a critical strategy for maintaining reservoir
pressure, prolonging the service life of well clusters, and mitigating land subsidence
and environmental impacts, has been widely implemented across various geothermal
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systems in recent years. It involves reinjecting the extracted geothermal fluid—after heat
extraction or treatment—back into the reservoir, where complex water—rock interactions
take place, influencing mineral stability, porosity, and reservoir sustainability. In particular,
reinjection has become a core component in enhancing heat recovery efficiency and ensuring
stable production in typical geothermal reservoirs such as carbonate rocks, sandstones,
and volcanic formations [1]. However, geothermal reinjection is far more than a simple
physical process of fluid replenishment. It involves complex water—rock interactions,
especially under high-temperature and high-pressure conditions, where injected fluids
react with reservoir rocks through a series of dissolution, precipitation, and ion migration
processes. These reactions not only modify the chemical composition of the geothermal
fluids but also drive changes in the reservoir’s pore structure and permeability, ultimately
influencing the long-term feasibility and economic viability of reinjection [2]. Consequently,
in-depth investigations into the mechanisms of water—rock interaction and the evolution of
mineral dissolution and precipitation during reinjection have become a key focus in current
geothermal research.

Geothermal reinjection technology originated in the 1970s and was first applied in
high-temperature dry steam fields such as The Geysers in California, USA, and Larderello in
Italy, primarily to mitigate reservoir pressure decline [3]. With the growing development of
medium- and low-temperature geothermal resources, reinjection practices have gradually
expanded to two-phase and liquid-dominated geothermal reservoirs. This approach has
been widely adopted in carbonate, sandstone, and fractured rock reservoirs in countries
including China, Iceland, Japan, and New Zealand [3-6]. Although the development of
geothermal reinjection technology in China started relatively late, it has advanced rapidly
in recent years. Engineering-scale applications have now been successfully implemented
in major basin-type geothermal reservoirs across regions such as Hebei, Beijing, Tianjin,
Shandong, and Henan [7-10]. The progress is particularly evident in large-scale district
heating projects and the establishment of reinjection-based geothermal field management
systems. This rapid advancement has been driven by increasing demand for sustainable
clean energy, improvements in reinjection well design and monitoring technologies, and
strong policy support for geothermal utilization and carbon neutrality goals. Despite these
advancements, geothermal reinjection still faces several technical challenges in practice,
among which reinjection blockage is one of the most critical [11]. Blockage can result from
multiple mechanisms, including particle accumulation, microbial activity, gas exsolution,
and mineral precipitation induced by water—rock interactions [12-15]. Among these,
mineral precipitation is particularly problematic due to its concealed nature, the difficulty
of real-time monitoring, and its often irreversible impact on reservoir permeability. In
severe cases, it can lead to the complete failure of reinjection wells. Therefore, it is essential
to utilize both experimental approaches and numerical simulations to investigate the
interaction mechanisms between reinjection water and reservoir rocks. These efforts are
crucial to providing theoretical support for optimizing reinjection system design and
operational strategies.

To gain deeper insights into the water-rock interaction processes during geother-
mal reinjection, laboratory simulation experiments and hydrogeochemical modeling have
become essential tools in geothermal science research. In terms of experimental system
development, numerous universities and research institutions worldwide have established
reaction setups capable of operating under a range of temperature and pressure conditions,
typically between 70 and 200 °C and between 5 and 30 MPa [16-19]. These setups allow
water—rock interaction experiments to be conducted using representative geothermal fluids
and various rock types, including carbonate rocks (e.g., Ordovician and Jixian formation),
Mesozoic sandstones, and volcanic tuffs. During the experiments, either powdered or intact
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rock core samples are reacted with geothermal fluids, and the evolution of major ion con-
centrations, pH, electrical conductivity, and saturation indices is continuously monitored to
assess mineral dissolution and precipitation trends. In some studies, additional analytical
techniques, such as X-ray diffraction (XRD), scanning electron microscopy (SEM), Brunauer—
Emmett-Teller (BET) surface area analysis, and in situ nuclear magnetic resonance (NMR),
are employed to characterize the mineralogical composition and pore/fracture structures
of rock samples before and after reaction, thereby revealing micro-scale mechanisms of
alteration [20-23]. Results from these investigations indicate that the early stages of geother-
mal reinjection are typically dominated by the dissolution of carbonate minerals such as
calcite and dolomite. As the reaction progresses, secondary minerals, including chlorite,
quartz, and various clays, may precipitate, leading to pore clogging and reduced perme-
ability. Moreover, the chemical characteristics of the reinjection fluid play a critical role
in governing the reaction pathways. For instance, elevated CO, partial pressure, lower
pH, and higher Na* concentrations tend to enhance carbonate dissolution. Conversely, the
addition of alkaline agents such as NaOH or Na,COj3 can modify fluid saturation states
and promote the precipitation of specific minerals [24,25]. In China, systematic laboratory
studies have evaluated the effects of various water treatment approaches—such as disinfec-
tion, filtration, and alkaline conditioning—on water-rock interactions, providing valuable
theoretical support for geothermal water pretreatment strategies prior to reinjection [26].

Hydrological geochemical modeling tools have become indispensable, with PHREEQC
(developed by the United States Geological Survey, USGS) being one of the most widely
used simulation software programs today (available at: https:/ /www.usgs.gov/software/
phreeqc-version-3 (accessed on 2 September 2025)). PHREEQC supports various functions,
including reaction pathway simulation, inverse simulation, kinetic modeling, and transport
simulation. It can predict solution evolution pathways, mineral reaction directions, and
rates based on the initial composition of fluids and rocks. Specifically, PHREEQC models
rely on the following: (i) thermodynamic databases that calculate saturation indices of
minerals and gases (via keywords such as EQUILIBRIUM_PHASES) which determine
whether minerals will dissolve or precipitate and (ii) kinetic rate expressions (via KINETICS
and RATES data blocks) that simulate time-dependent mineral dissolution/precipitation
and hence provide estimates of reaction rates under given conditions.

In terms of experimental data fitting, researchers often use PHREEQC's inverse mod-
eling module to infer possible mineral dissolution and precipitation reactions based on
changes in ion concentrations in solutions and determine reaction ratios. In kinetic simula-
tions, by incorporating the KINETICS module and setting mineral reaction rate constants,
surface area, and saturation index functions, the software can simulate mineral change
trends over specific time periods and compare and fit these with batch experimental results.
Some scholars have conducted high-temperature, high-pressure (120 °C) core displacement
experiments in the Upper Triassic-Lower Jurassic Gassum Formation in northwestern
Denmark to study the potential for storing heated formation water. Through geochemical
and petrological analysis combined with PHREEQC geochemical modeling, changes in
formation water and sandstone mineral composition were studied. The results indicated
that reinjecting heated formation water into the Gassum Formation in Denmark may trig-
ger the sodium feldsparization of microcline, dissolution of quartz, and precipitation of
kaolinite and calcite. Calcite precipitation at high temperatures may cause injection issues,
necessitating measures to prevent calcium carbonate scaling [27]. Other researchers con-
ducted high-temperature and high-pressure batch experiments on the Szentes sandstone
geothermal reservoir in Hungary. These experiments were combined with PHREEQC
simulations using two thermodynamic databases and kinetic models to reproduce the
geochemical processes. The results revealed the dissolution and precipitation evolution
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of carbonate and silicate minerals during short-term and long-term injection and cooling
of geothermal water. Furthermore, the study quantitatively analyzed the variations in ion
concentrations and assessed the potential for reinjection blockage [28]. Zhao Yuhui studied
the water-rock reaction characteristics of the granite-type geothermal rock in Matouy-
ing, Hebei Province, in relation to groundwater, seawater, and pure water, and combined
PHREEQC simulation to analyze the patterns of mineral evolution and water chemistry
changes. The results showed that the mineral dissolution/precipitation reactions induced
by different injected water bodies varied significantly, with lower precipitation after seawa-
ter reaction, primarily due to the adsorption capacity of the generated zeolite-type minerals.
Appropriate regulation of Cl- content in seawater may enhance its potential application as
a circulating water body in enhanced geothermal systems (EGS) [29]. On the other hand,
the transport module of PHREEQC supports one-dimensional or multi-segment coupled
reaction—-transport simulation, which can be applied to predict solute and mineral evolution
under near-wellbore injection conditions. Overseas, studies in Denmark, France, and other
regions have combined columnar injection experiment results with the PHREEQC trans-
port model [27] to conduct long-term predictions of mineral evolution trends in carbonate
reservoirs under multi-year reinjection conditions, demonstrating the model’s application
potential in assessing the lifespan of reinjection systems. Domestic researchers have simi-
larly employed reaction pathway simulation software like PHREEQC to analyze reaction
mechanisms, fit experimental results, and predict long-term processes [30,31].

The Wumishan Formation, a key component of the carbonate geothermal reservoir
within the Jixian System, is widely distributed across the North China Craton and serves
as one of the principal reservoirs for medium-to-deep geothermal development in the
Xiong’an New Area. This formation is primarily composed of dolomite and microcrys-
talline limestone, characterized by a dense matrix with well-developed fractures and pores,
endowing it with strong reservoir capacity and water conductivity. However, the cou-
pled response characteristics of thermal-hydrological-chemical (THC) interactions under
long-term extraction and reinjection remain poorly understood. In particular, the risks
associated with pore structure evolution and secondary mineral precipitation induced by
water-rock reactions—especially under the influence of injection fluids with varying chem-
ical compositions—require systematic investigation. In the context of current geothermal
development, the chemical properties of injected fluids are known to exert significant con-
trol over water-rock interaction processes, and this topic has been the subject of extensive
research. Nevertheless, most existing studies focus on generalized carbonate systems, with
limited attention paid to the specific applicability and effectiveness of alkaline regulation
strategies for injection fluids in typical medium-to-deep carbonate reservoirs. To address
this gap, the present study focuses on the Wumishan Formation carbonate reservoir and
employs injection fluids with different chemical characteristics as experimental variables. A
combination of quantitative laboratory experiments and hydrogeochemical modeling is used
to investigate the regulated water—rock interaction pathways and their impacts on reservoir
structure and reinjection performance at the microscopic level. This integrated approach aims
to provide theoretical insights and engineering guidance for improving the efficiency and
sustainability of extraction and reinjection in carbonate geothermal reservoirs.

2. Materials and Methods
2.1. Experimental Materials

The rock chip samples used in this study were collected from a geothermal well in the
Rongdong District of the Xiongan New Area (Figure 1). From a geological perspective, the

well is located within the Rongcheng Uplift, with the target thermal reservoir being the
carbonate rocks of the Wumishan Formation of the Ji County Series. To increase the reaction
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interface between the rock chips and geothermal fluids and accelerate the kinetics of water—
rock interactions, the rock chip samples were pretreated prior to the experiment: they
were ground and sieved through a 200-mesh screen to produce fine powdered rock chips,
meeting the experimental requirements. The geothermal fluid used in the experiment was
also sourced from the same geothermal well to ensure consistency in the water chemistry
of the water—rock system throughout the experiment.
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Figure 1. Location of geothermal well (left) and core log (right).

To systematically study the effects of different water chemistry environments on water—
rock reaction behavior, two treatment methods were applied to the original geothermal fluid
(hereinafter referred to as YS). The first treatment method involved adding a disinfectant to
the original water, followed by filtration through membranes with pore sizes of 5 microns
and 0.45 microns to remove larger suspended particles and some microbial components,
while the pH value and major ion composition of the water remained largely unchanged.
The second treatment method aimed to more significantly alter the water chemistry envi-
ronment: After adding disinfectant and filtering through a 5-micron membrane, 0.18 g/L of
sodium carbonate (NayCO3), 0.25 g/L of sodium hydroxide (NaOH), and 0.25 mL of citric
acid (Huasheng Chemical Reagent Co., Ltd., Tianjin, China) were sequentially added to the
water, followed by final filtration through a 0.45-micron membrane. The YS water retained
the high mineralization characteristics of the original geothermal water, with a pH value
close to neutral and high concentrations of Ca?* and HCO3 ™. The first type of treated water
retains the main chemical components of the raw water while removing microorganisms
and suspended particles. In the second type of treated water, the Na* concentration and
alkalinity increase significantly, and the system saturation state and overall geochemical
environment also undergo significant changes.

2.2. Static Batch Experiments

The experimental equipment used was a 316L-type high-temperature, high-pressure
reactor (Origin: Nantong, China, Huaxing Petroleum Instrument Co., Ltd.) with a reaction
chamber volume of 500 mL, capable of meeting experimental conditions of 200 °C tempera-
ture and 20 MPa pressure. The experimental system included a control system (pressure,
temperature) and a pressure-increasing pump. Other auxiliary equipment included a
high-temperature, high-pressure furnace, a tungsten filament scanning electron microscope
(JSM-IT500), and an X-ray diffractometer (Japan Mechanics SmartLab SE) etc.
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To simulate water—rock interactions under geothermal reservoir conditions, batch
reaction experiments were conducted at 70 °C and 17 MPa for reaction durations of 3, 5,
and 8 days. A total of 15 runs were performed, comprising five water types (three replicates
each): geothermal water (YS), treated water I (MS), a 1:1 mixture (v/v) of treated water I
and geothermal water, treated water II (CS), and a 1:1 mixture (v/v) of treated water II and
geothermal water. For each run, the water-to-rock mass ratio was set to 15:1, corresponding
to 300 mL of water and 20 g of crushed and ground carbonate reservoir rock (200 mesh)
from the Wumishan Formation. The water samples and natural rock samples used in
this experiment, along with their main ion compositions and mineral components, are
presented in Tables 1 and 2.

Table 1. The main ion composition of different water samples.

Hydrochemical Index

YS MS YMS CS YCS
(mg/L)
pH . 7.34 7.81 7.62 8.97 7.80
(dimensionless)
TDS 2284 1266 1704 1567 1897
K* 40.3 34.9 37.3 349 37.7
Na* 759 376 572 504 645
Ca”* 43.2 422 423 34.1 38.6
Mg?* 25.2 19.6 224 19.4 22.4
Cl- 1071 349 665 489 756
SO42~ 1.49 292 122 284 128
HCO;5;~ 624 240 423 323 475
H,SiO3 45.7 13.1 29.6 13.1 29.6

Table 2. The main mineral composition of the rock fragments.

Mineral Composition (Vol %)  Average Standard Deviation
Quartz 9.2 1.6

Albite 0.7 0.1

Dolomite 88.6 1.7

Clay minerals 1.6 0.2

Total 100.0

The rock and water were sealed in stainless-steel autoclaves, heated to the target tem-
perature, and pressurized with N; gas to the target pressure. At the designated sampling
times (3rd, 5th, and 8th day), heating was stopped and the autoclaves were cooled to
room temperature before depressurization. The reacted fluid was filtered and stored in
polyethylene bottles for analysis of pH, total dissolved solids (TDS), major cations (Ca2*,
Mg2+, Na*, K*), anions (C1~, HCO3 ™), and dissolved silica. The reacted solids were dried
at 40 °C for 48 h, ground into powders, and characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM) (Figure 2).

2.3. PHREEQC Model Setup

To quantitatively analyze water—rock interaction processes under varying injection wa-
ter conditions, this study utilizes the geochemical modeling software PHREEQC (Software
version 3.6.2-15100) to simulate the geochemical evolution of the system. The modeling
work is divided into two components: inverse geochemical modeling and forward reactive
transport modeling, together forming an integrated simulation framework that bridges
laboratory-scale static experiments and small-scale reservoir conditions. The research
model incorporates both kinetic and transport modules. The simulation employs the
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IInl.dat thermodynamic database, which includes comprehensive thermodynamic and sol-
ubility data for carbonate, silicate, sulfate, and clay minerals. This database is particularly
well-suited for simulating high-temperature (70 °C in this study) and high-salinity environ-
ments. The mineral species contained in the database closely correspond to those present in
the experimental system, encompassing primary minerals such as sodium feldspar, quartz,
and dolomite, as well as secondary minerals such as kaolinite, which were observed during
the experiments.
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Figure 2. Schematic diagram of the static water—rock experiment process.

The main PHREEQC keywords used in the model include the following: SOLUTION:
Defines the chemical composition of the initial formation water and injected fluids. EQUI-
LIBRIUM_PHASES: Applies mineral equilibrium constraints in inverse modeling and
specifies the mineral phases allowed to react in forward simulations. KINETICS: Introduces
kinetic controls for mineral dissolution and precipitation processes in forward simulations.
TRANSPORT: Defines spatial discretization of the model domain, injection parameters
(e.g., flow rate, diffusion length), diffusion coefficients, and porosity. RATES: Specifies
custom reaction rate expressions for minerals. INVERSE_MODELING: Performs inverse
modeling to estimate mineral reaction extents and saturation states based on multi-time-
step experimental data.

Among these, inverse modeling is implemented using the INVERSE_MODELING
keyword, which utilizes static experimental water chemistry data to identify the mineral
types and corresponding mass changes involved in dissolution and precipitation. This
approach helps infer reaction pathways that are consistent with observed geochemical
changes. In contrast, forward simulations are conducted through the combined use of the
KINETICS and TRANSPORT modules, where known reaction rate constants, initial geo-
chemical conditions, and injection water characteristics are input to simulate the evolution
of ion concentrations and mineral transformation behavior, thus capturing the coupled
processes of transport and reaction during reinjection.

To construct a reactive transport model with predictive capability and quantitatively
describe mineral reaction kinetics under experimental conditions, kinetic rate constants
are calibrated based on results from static batch experiments. The Transition State Theory
(TST) model is applied to fit the temporal variations in major ion concentrations, thereby
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deriving kinetic parameters under specific temperature—pressure conditions. Specifically,
based on time-resolved ion concentration data, the release rates of individual elements are
calculated and normalized to molar release rates per unit mineral surface area (mol/ m2/ s),
according to the following equation:

AC; -V

T A Aom M)

Among these, AC; is the concentration change of the i-th ion (mol/L), V is the volume
of the solution (L), At is the reaction time (s), A is the specific surface area of the solid
sample (m?/g), and m is the mass of the rock fragment (g).

Subsequently, PHREEQC was used to calculate the saturation index (SI) of each
mineral to assess the saturation state of the system.

Q)5 € o8 2)

Slzlog(?) X

Subsequently, the rate values obtained from the experiment were substituted into the
TST model for fitting:
Qi\" T

i=k-A-(1-=) =k= 3)
1 1 Kl 1 A . (1 . %)
Here, k; represents the surface reaction rate constant to be fitted (moL/m?/s), and n is
the empirical reaction order, typically set to 1. The fitting process is based on experimental
values of r (reaction rate) and the corresponding saturation ratio (Q/K). The influence of
temperature on reaction rates is accounted for either by extrapolating the fitted rate con-
stants using the Arrhenius equation or by calculating temperature-dependent equilibrium

constants using the Helgeson-Kirkham-Flowers (HKF) model [32].

3. Static Batch Experiment Results
3.1. Reactive Ion Migration Characteristics

The results of the static dissolution experiment indicate that changes in pH and TDS
during the reaction between different types of geothermal fluids and carbonate rocks reflect
the chemical evolution characteristics of the fluid-rock system (Figure 3). Generally, un-
treated YS water releases alkaline components due to the dissolution of carbonate minerals
(such as dolomite and calcite), causing the pH to rise rapidly in the initial stage and then de-
crease slightly, while treated MS and CS water bodies exhibit relatively minor pH changes
in the initial stage. Among these, CS water bodies experience a significant decrease in pH
during the later reaction stage due to alkaline regulation, which is associated with mineral
precipitation and buffering effects. Mixed water bodies YMS and YCS tend to stabilize
during the mid-reaction stage, indicating that alkaline regulation is influenced by dilution
effects. Regarding TDS, all water samples exhibit overall minimal fluctuations, indicat-
ing that mineral precipitation changes have limited regulatory effects on total dissolved
solid concentrations during short-term reactions. The original geothermal water (YS) has
the highest TDS, consistent with its high mineralization background; treated water sam-
ples have slightly lower TDS, particularly CS water, where enhanced alkaline conditions
cause partial mineral precipitation, resulting in a slight reduction in soluble total solids.
Previous studies have noted that changes in TDS primarily depend on long-term dissolu-
tion/precipitation equilibrium processes, with short-term changes primarily manifesting
as local variations. The experimental results of this study align with this understanding,
further indicating that pH changes can serve as an indicator parameter for early water-rock
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reaction activity, while TDS is more suitable as a parameter for assessing overall solute
equilibrium processes [33,34].
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Figure 3. Changes in pH (potential of hydrogen, left) and TDS (total dissolved solids, right) during
the reaction process between different types of geothermal fluids and carbonate rocks. The left panel
shows pH variations reflecting acid-base changes of the system, while the right panel presents TDS
evolution, indicating the overall dissolution and precipitation trends of the system.

The experimental results indicate that different types of injection fluids, by altering
system pH, ionic strength, and saturation state, significantly influence the migration of ma-
jor ions and the dissolution—precipitation behavior of minerals (Figure 4 and Table 3). In the
original geothermal water (YS), the coupled decline of Ca?* and HCO3 ™ reflects typical cal-
cite precipitation under carbonate-supersaturated conditions without pH adjustment. K*,
Na*, Mg?*, and H,SiO3 concentrations first increased and then decreased, indicating early
dissolution of albite and other silicate minerals, followed by ion exchange, precipitation,
or adsorption processes. The filtered and sterilized MS water exerted only a limited effect
on reaction pathways: HCO3~ and Na* concentrations decreased slowly, while other ions
showed only slight increases, suggesting minor dolomite dissolution and silicate release. In
contrast, the CS water, with Na,CO3 and NaOH addition creating an alkaline environment,
substantially enhanced Na* activity and alkalinity, thereby suppressing calcite precipitation
and promoting the dissolution of dolomite, albite, and other minerals. These observations
are consistent with the findings of Schiffer et al. (2022) [21] and Xu et al. (2009) [35],
who reported that alkaline adjustment of injection water facilitates carbonate and silicate
dissolution. The mixed systems YMS and YCS, while retaining the original hydrochemical
background, exhibited enhanced reactivity toward both carbonate and silicate minerals due
to chemical adjustment, resulting in complex, coexisting multi-mineral reaction pathways.
This highlights the key regulatory role of chemical control and compositional matching in
governing mineral stability in reinjection systems.

Overall, the chemical characteristics of the fluids strongly affect ion migration and
transformation, thereby determining the direction of mineral dissolution and precipitation.
Specifically, the YS fluid favored pronounced calcium carbonate precipitation; the MS fluid
showed relatively weak hydrochemical reactivity and mineral dissolution; the alkaline-
regulated CS fluid promoted enhanced dissolution of dolomite and silicate minerals; and
the mixed fluids YMS and YCS exhibited combined mineral reaction characteristics, si-
multaneously promoting carbonate dissolution and reflecting multiple interactive effects
between fluids and minerals.
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Table 3. The changes in the molar amounts of various ions after the reaction of different types of

geothermal fluids with carbonate rocks for 8 days.

Ion Indicators

2+ 2+ + + s — 2— —
Jmmol/L Ca Mg Na K H, SIO3 Cl1 504 HCO3
0 1.078 1.037 33.014 1.031 0.585 30.212 0.016 10.226
YS 8 0.342 0.794 32.623 1.230 0.684 30.917 0.156 6.834
A —0.736  —0243  —0.391  0.199 0.099 0.705 0.141 —-3.392
0 1.053 0.806 16.355 0.893 0.168 9.845 3.040 3.933
MS 8 0.701 0.917 15.007 1.069 0.489 10.494 3.310 3.835
A —0352  0.111 —~1.348  0.176 0.321 0.649 0.271 —0.098
0 0.851 0.798 21.923 0.893 0.168 13.794 2.956 5.293
CS 8 0.786 1.135 23.445 1.031 0.533 14.838 3.217 6.031
A —0.065  0.337 1.522 0.138 0.365 1.044 0.260 0.737
0 1.055 0.921 24.880 0.954 0.379 18.759 1.270 6.932
YMS 8 1.153 1.469 25.968 1.079 0.722 20.705 1.676 8.587
A 0.097 0.547 1.087 0.125 0.343 1.946 0.406 1.655
0 0.963 0.921 28.056 0.964 0.379 21.326 1.333 7.784
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Figure 4. Grouped comparison of major ion concentrations in different injected fluids after 8 days
of reaction. Each segment on the x-axis contains four points (0, 3, 5, and 8 days), representing YS,
MS, CS, YMS, and YCS fluids, with the y-axis showing the concentration variation of major ions;
((a) CaZ*, (b) Mg?*, (c) SO42~, (d) C1~, (e) H,SiO;, (f) Na*).

3.2. Characteristics of Mineral Dissolution Reaction

After the reaction, the overall mineral composition of the experimental rock sam-
ples remained dominated by dolomite, accompanied by quartz, minor clay minerals, and
feldspars, although the relative proportions of minerals changed slightly (Figure 5). Com-
pared with the original rock, dolomite content generally increased, albite content showed
variable changes, K-feldspar content slightly increased, and quartz content decreased,
indicating partial mineral dissolution and precipitation rearrangement. Ion variations in
the fluids suggest the following mineral behavior: calcite precipitated most significantly
in YS and YCS (marked decrease in Ca?* and HCO3 ™), showed weak precipitation in MS
and CS, and exhibited almost no precipitation in YMS. Dolomite showed slight precipita-
tion in YS and YCS but dissolved in MS, CS, and YMS, with the strongest dissolution in
YMS (Mg2+ increase was most pronounced). Silicate minerals dissolved in MS, CS, and
YMS, as indicated by increased Na*, K*, and H,SiO3, with YMS showing the strongest
effect, while dissolution in YS and YCS was minor. Sulfate minerals dissolved in all fluids
(SO4%~ increase), with higher dissolution in CS and YCS. Overall, the type of injection fluid
strongly influenced mineral dissolution and precipitation. YS and YCS were dominated
by carbonate precipitation, MS and CS mainly promoted silicate dissolution, and YMS
exhibited simultaneous carbonate and silicate dissolution.
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Figure 5. Changes in major mineral contents of rock samples over reaction time (0, 3, 5, and 8 days)
under different injection fluids. YS, MS, CS, YMS, and YCS represent the respective fluid types.

4. Hydrogeochemical Simulation

4.1. Geochemical Inverse Modeling

To investigate the primary water-rock interaction pathways and the evolution of key
minerals, PHREEQC was employed to perform inverse modeling based on the results of
static dissolution experiments conducted over an 8-day period between different types of
injected fluids and carbonate reservoir detritus from the Wumishan Formation. The selec-
tion of minerals for inverse modeling was guided by both aqueous geochemical variations
and mineralogical analyses before and after reaction. A total of nine representative minerals
were included in the model, albite, calcite, dolomite, halite, K-feldspar, illite, kaolinite,
and gypsum, encompassing both the original rock-forming phases and major secondary
minerals observed during the reaction process.
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The results of PHREEQC inverse modeling revealed significant mineral dissolution
and precipitation processes after 8 days of reaction between different injected fluids and
the Wumishan Formation carbonate reservoir detritus (Table 4 and Figure 6). The primary
dissolving minerals included quartz, albite, K-feldspar, illite, halite, and gypsum, indicating
that aluminosilicate and evaporite minerals are highly responsive to changes in geochemical
equilibrium under injection conditions. In contrast, carbonate minerals (e.g., calcite and
dolomite) and clay minerals (e.g., kaolinite) generally tended to precipitate, suggesting a
potential risk of pore clogging during reinjection. Notably, the reaction pathways varied
significantly among different water types.

Table 4. Simulated mineral reaction amounts obtained from PHREEQC inverse modeling (positive
values indicate dissolution, negative values indicate precipitation), in units of mmol/L.

Component Albite Calcite Dolomite K-Feldspar Kaolinite Illite Analcime Quartz Halite Anhydrite Dis‘:;::ltion Se:?rt;lm
Chemical NaALSi ) ' Ko.6Mg0.25 ! .
Formuln aAlSizOg CaCO3 CaMg(CO3);  KAISizOg AlSipO5(OH)y  Aly AgAl((J S Nay[AlSiyOg]-Hy O SiOy NaCl CaSOy
1
YS —0.4203 —0.0454 —0.1839 0.2513 —0.5391 3‘8,5‘}93 2 0.0000 0.2488 0.7046 0.0000 1.7470 1.1887
Ms 0.1911 —0.3431 0.0376 0.1768 —0.3247 0.2946 —0.0293 0.1672 0.2342 —0.0468 1.1016 0.7439
cs 0.0443 —0.3400 0.2804 0.0000 —0.2877 0.2309 0.0000 0.0886 1.0500 —0.0390 1.6943 0.6667
YMS 0.0462 —1.2900 0.5033 0.1259 —0.0860 0.0000 0.0000 0.0000 1.9600 0.3444 2.9798 1.3760
YCs 1.5100 —0.7781 —0.0319 0.3137 —0.5690 0.4948 —0.2232 —0.2446 1.9000 0.6541 4.8726 1.8469
In the simulation of the YS sample, minor dissolution of quartz and K-feldspar oc-
curred, accompanied by the precipitation of small amounts of calcite, dolomite, kaolinite,
and albite. The precipitation of kaolinite reached —0.5391 mmol/L, implying a moderate
risk of pore blockage due to the accumulation of clay minerals in micropores. The sub-
stantial dissolution of halite caused a sharp increase in fluid salinity, potentially triggering
secondary mineral precipitation. While illite dissolution could slightly enhance porosity,
the release of mobile clay particles might compromise reservoir integrity.
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Figure 6. Mineral dissolution (positive) and precipitation (negative) in the carbonate reservoir under
different injected fluids ((a): YS, (b): MS, (c): CS, (d): YMS, (e): YCS).

In the MS sample, dolomite, albite, and quartz dissolved, resulting in the formation of
secondary minerals such as kaolinite and analcime. This type of geothermal fluid exhibited
relatively stable geochemical behavior, with all dissolution reactions remaining below
0.3 mmol/L, indicating a low risk of clogging or structural damage. The dissolution of
halite (0.2342 mmol/L) had a limited effect on porosity, and salinity remained within a
controllable range, reflecting low potential for geochemical disruption.

The simulation of the CS sample showed dissolution of dolomite, albite, illite, quartz,
and halite, along with the precipitation of calcite and kaolinite. This water type demon-
strated the most favorable reinjection performance, characterized by moderate dissolution,
low precipitation, and stable reaction pathways. The precipitation of kaolinite was signifi-
cantly suppressed under alkaline conditions, while the impact of halite dissolution could
be mitigated by flow control. No analcime precipitation was observed, effectively avoiding
micropore clogging by zeolite minerals. The slight dissolution of illite (+0.2309 mmol /L)
contributed to improved pore connectivity, and the system exhibited high chemical stability
with minimal risks of clogging or structural disturbance.

In the YMS mixed water, the precipitation of calcite reached —1.29 mmol/L, potentially
clogging millimeter-scale pores. Concurrently, the intense dissolution of halite and dolomite
exacerbated salinity imbalance and induced secondary mineral precipitation, posing a high
risk of injection impairment. For the YCS mixed water, simultaneous precipitation of calcite
and kaolinite posed an extremely high risk of clogging, while the intense dissolution of
albite and halite could compromise the structural integrity of the reservoir framework.
These results indicate poor chemical stability and unsuitability of the YCS sample for
reinjection purposes.

4.2. Forward Reactive Transport Modeling
4.2.1. One-Dimensional Model Construction and Boundary Conditions

The one-dimensional reactive transport model is implemented using the KINETICS
and TRANSPORT modules in PHREEQC. The model consists of 100 spatial cells, each with
alength of 1 m, resulting in a total simulation domain of 100 m along the principal direction
of fluid flow. The simulation time step is set to 8640 s (equivalent to 0.1 days), with a total
of 1500 steps, corresponding to an overall simulation duration of approximately 150 days.
Among the various injection water scenarios, the alkaline-regulated water sample from
Treatment II (CS) is selected for long-term reactive transport simulation. This scenario
aims to evaluate the reaction—diffusion behavior and clogging risk under realistic reservoir
conditions. The minerals included in the model and their associated parameters are listed
in Table 5.
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Table 5. Reaction equations, specific surface area (SSA), initial mineral content (mo), and kinetic

parameters of each mineral in the reaction-transport model.

Mineral Reaction Equation (Dissolution) z:)ngo_lll(mz /s) (Srrslsg) ?r;(llol)
Calcite CaCO3 + HY — Ca?* + HCO;~ -5.8 0.1 0.4
Dolomite CaMg(CO3); + 2H* — Ca?* + Mg?* + 2HCO;~ -9.2 1 0.5
Quartz SiO;(s) — SiO,(aq) —12 1 0.0184
Albite NaAlSizOg + 4H* — A* + Na* + 2H,0 + 35i0, —-10 0.2 0.1
Gypsum CaSO4-2H,0 — Ca?t + SO42~ +2H,0 —4.6 0.05 0.0001
K-Feldspar KAISizOg + 4H* — AP* + K* + 2H,0 + 35i0, —10 0.05 0.001
Kaolinite Al,Si,O5(0H), + 6H* — 2A13* + 2Si0, + 5H,0 -12 1 0.0032
. Ko.cMgg25Al; gAly5Si35019(OH), + SH* — 0.25Mg?* + 0.6K* + 2.3A13*
Illite . 3_58%2 5O (OH) & ~13.1 0.1 0
Halite NaCl — Cl~ + Na* -25 0.05 0.001
Magnesite MgCOs+ H* — Mg?* + HCO; ™~ -9.3 0.1 0.15
Clinochlore-14A (MgsAl)(Si3Al)O10(OH)s + HY — Mg?* + A¥* + SiO; + HyO —13.6 0.1 0.1

Note: The kinetic parameters are found in refs. [19,36]. The specific surface area is obtained from refs. [18,19,27,37],
and m0 is obtained from Table 2 and, if necessary, adjusted to fit the model to the experimental data.

In the model, the dispersion coefficient is typically used to represent mechanical
dispersion caused by formation heterogeneity and the curvature of microscopic flow
paths. Previous studies have shown that at the laboratory scale, longitudinal dispersivity
generally ranges from a few centimeters to several tens of centimeters, while at the field
scale, it can reach several meters to over ten meters, depending on the degree of formation
heterogeneity [38]. Given the relatively small scale of this study’s model, a uniform
dispersivity setting is adopted, with the longitudinal dispersivity of each cell set to 0.1 m.
The pore diffusion coefficient is set to 1 x 1077 m? /s to account for molecular diffusion
of ions in stagnant pore spaces. The porosity is defined as 0.075 based on typical values
observed in carbonate reservoirs in the study area [39,40] and to further reflect coupling
effects during heat and mass transfer processes. Model outputs are generated every 10 time
steps (i.e., once per day) to track the dynamic evolution of water chemistry and mineral
transformation throughout the reactive transport process. The initial condition assumes
that the entire 1D profile is in the background state of the geothermal reservoir, with
uniform distributions of aqueous chemistry and mineral composition. As for boundary
conditions, the leftmost cell (cell 0) is continuously supplied with reinjection water of
known composition (defined via the SOLUTION keyword), while the remaining cells
evolve through coupled reaction and transport processes. The right boundary is set as a
free outflow (zero-gradient boundary condition), ensuring no reflection or feedback occurs.

4.2.2. Verification of Simulation Models

To validate the effectiveness of the one-dimensional reactive transport model in rep-
resenting water—rock interactions during the reinjection process, the simulation results
were compared with static batch experimental data conducted at 70 °C and 17 MPa. The
comparison focused on the concentration evolution of major ions (Ca2+, Na*, Mg2+, SO42-,
K*, CI7, and Si) in the solution over an 8-day period. The correspondence between the
experimental measurements and the simulated values is shown in Figure 7.

The figure demonstrates that the model effectively captures the temporal trends in the
concentrations of most ions during the reaction process. For example, the concentration of
Ca?* decreases rapidly within the first three days, reflecting the dissolution—precipitation
dynamics of carbonate minerals, and this trend is well reproduced by the model. The
concentrations of Na*™ and Cl~ remain relatively stable, with good agreement between
simulated and experimental values. The gradual increase in Si concentration indicates the
slow dissolution of silicate minerals (e.g., quartz and albite), which is accurately reflected
in the simulation results.
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Figure 7. Comparison between experimental and simulated concentrations of major ions (Ca®*,
Mg2+, Na*, Cl—, SO42~,K*, Si, and alkalinity) over an 8-day reaction period. Solid lines represent
experimental data, while dashed lines indicate simulated results.

In terms of numerical error, most ions exhibit relative deviations below 20% except
for Ca%*, which shows a noticeable discrepancy in the later stages of the experiment.
Specifically, the normalized root mean square error (NRMSE) for Ca?* reaches 56.1%, with
the maximum relative error of 81.4% occurring on day 8. This deviation may stem from the
model’s inability to fully capture late-stage Ca’* release mechanisms, such as the delayed
dissolution of carbonate or aluminosilicate minerals, or the desorption of calcite due to
changing conditions. Additionally, minor disturbances during sampling or leakage in
the batch experiment could have caused local fluctuations or transient increases in Ca®*
concentrations that are difficult to replicate in the simulation.

Overall, the model successfully reproduces the migration and transformation patterns of key
reactive species observed in the experiment. This indicates that the kinetic mechanisms and param-
eter settings used are broadly applicable and reliable, supporting their further use in predicting
the long-term dissolution—precipitation behavior of reservoir minerals during reinjection.

4.2.3. Simulation Results

(1) Carbonate reaction group.

The forward simulation results indicate that the most pronounced reaction—transport
features occur during the early stages of injection. Therefore, the analysis of concentration
variations is primarily focused on the first 30 days. Ca?* (Figure 8—top) exhibits a clear
pattern of decreasing concentration with increasing distance. In the initial reaction phase,
the breakthrough front rapidly advances to 15 m, forming a distinct concentration gradient
within the 10-20 m range, with higher concentrations accumulating toward the downstream
section of the model domain. By day 8, the breakthrough front reaches approximately 30 m
and a pronounced low-concentration zone emerges, indicating Ca?* consumption through
precipitation reactions. By day 30, Ca?* concentrations show an overall decline. These patterns
suggest that Ca* undergoes rapid migration during the early injection phase, corresponding
to the dissolution of calcite and other carbonate minerals. A reaction zone is formed in the
mid-forefield (1040 m), where Ca®* concentrations progressively decline, reflecting a clear
depletion pattern due to reaction consumption. The mineral saturation index (SI) for calcite
further validates this trend: SI_Calcite initially ranges from —0.53 to —0.54 (undersaturated),
with a corresponding dissolution rate (dk_Calcite) of approximately —1.65 x 10~¢ mol. By
day 30, SI_Calcite increases to 0.7162 at 100 m (supersaturated), with dk_Calcite approaching
zero, indicating a transition from dissolution to precipitation control.

In contrast, Mg?* (Figure 8—middle) shows a delayed breakthrough front compared
to Ca* (reaching only 10 m by day 2), with overall lower concentration levels concentrated
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in the 30-50 m range. This reflects a “slow release-redistribution” behavior, consistent with
the gradual dissolution and re-equilibration of dolomite. The saturation index for dolomite
(SI_Dolomite) remains around 0.77 (supersaturated), with a corresponding precipitation
rate (dk_Dolomite) of 3.08 x 10~® mol. By day 30, SI_Dolomite slightly decreases to
0.7668, suggesting that early Mg?* release is dominated by dissolution, while precipitation
becomes increasingly significant over time.

The distribution of sulfur (S04%~) (Figure 8—below) exhibits a similar spatial pattern
to Ca®* but with more dramatic concentration changes. A distinct high-concentration
band forms along the injection front (10-30 m), primarily attributed to the dissolution of
sulfate minerals such as gypsum. This region displays wave-like deformation, reflecting
strong flow-reaction coupling. After 30 days, an enrichment zone of SO42~ persists in the
mid-section, indicating accumulation due to concurrent advection and mineral reactions.

(2) Weakly reactive ion group.

The migration of Na*, K*, and CI~ is primarily governed by physical transport, with
minimal reaction involvement. In Figure 9, the concentration distributions of these ions
exhibit a consistently advancing front, showing spatially uniform progression. The Na*
and CI™ fronts advance rapidly, reaching approximately 25 m at day 2, 60 m at day 8, and
nearly spanning the entire model domain (90-100 m) by day 30. Their concentration profiles
remain largely stable over time, indicating typical conservative ion behavior, dominated
by advection and dispersion, with late-stage transport influenced by dilution or density
gradients, while their weak reactivity maintains smooth spreading.

K* displays slightly different behavior compared to Na* and CI~. A notable con-
centration peak forms within the 1040 m range initially, with a slight decline in later
stages, suggesting that K™ was rapidly released from minerals such as K-feldspar and illite
during the early injection period. A “reaction zone” forms in the mid-section (10-25 m),
followed by minor adsorption or re-precipitation in the mid-to-late section, after which
conservative transport dominates and precipitation effects become minimal, leading to
diffusion equilibrium. Mineral saturation indices indicate that SI_Illite increased from
—0.1705 to 0.16 with dk_Tllite of 1.03 x 10~7 mol (precipitation), while SI_K-Feldspar was
—0.018 with dk of —2.3 x 1077 mol (dissolution), reflecting early-stage dissolution and
minor late-stage precipitation.

Ca/(mol/kgw)
20 T 8 1.1x10°
|
| 9.5x10°
1.8 |
| 64 8.2x10*
Z16 = 6.9x10*
£ £
£ £ 5.5x10*
44
1.4 42x104
2.9x10*
124
24 1.6x10*
1.0 T T T T v T T T v T T v 25x10°
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
distance(m) distance(m) distance(m)
2.0 8 Mg/(mol/kgw)
1.0x10%
1.8 9.5x10™
6 8.6x10°
~ 1.6 =
z 2 7.7x10°
] £
- -4
£ 14 < 4 6.8x10
5.9x10
12 5.0x10°
2
4.1x10*
1.0

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 3.2x10°
distance(m) distance(m) distance(m)

Figure 8. Cont.
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Figure 8. Spatial-temporal evolution of major ion concentrations during forward PHREEQC sim-
ulations of geothermal reinjection. The panels illustrate concentration variations of Ca** (upper),
Mg2+ (middle), and SO42~ (lower) along the 100 m model domain over the first 30 days of injection.
These trends reveal distinct migration and reaction behaviors of divalent cations and anions under
different chemical equilibria within the reactive transport system.

(3) Silicate dissolution index.

The simulation results of Si concentration distribution are presented in Figure 10,
revealing a characteristic slow-release pattern associated with silicate mineral dissolution.
In the initial reaction stage, the leading front extends to 10 m, forming a weak concentration
gradient between 10 and 15 m, with higher concentrations accumulating toward the down-
stream end. After 8 days, the front advances to 20 m, and a low-concentration zone begins
to appear, indicating consumption of Si at the leading edge. By day 30, Si concentration
in the 97.5-99.5 m section decreases to approximately 0.000347 mol/L, showing a grad-
ual decline. This suggests that Si release is dominated by dissolution of silicate minerals
(e.g., quartz, albite, clay minerals) in the early injection stage, forming a “dissolution zone”
in the mid-section (10-20 m), with concentrations stabilizing at later times. Mineral sat-
uration indices show that SI_Quartz decreases from 0.1077 to —0.115, with dk_Quartz
changing from 9.09 x 10~¢ mol (precipitation) to —7.2 x 107 mol (dissolution), while
SI_Albite is —1.04 with dk_Albite of —1.19 x 10~8 mol (dissolution), confirming initial
minor precipitation followed by dissolution dominating the process.
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Figure 9. Spatial-temporal evolution of major ion concentrations during forward PHREEQC sim-
ulations of geothermal reinjection. The panels illustrate concentration variations of Na* (upper),
K* (middle), and C1~ (lower) along the 100 m model domain over the first 30 days of injection. These
results reflect the migration and exchange processes of monovalent ions.
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Figure 10. Spatial-temporal evolution of Si concentration during forward PHREEQC simulations of
geothermal reinjection. The panel shows Si, illustrating concentration changes along the 100 m model
domain over the first 30 days of injection.

5. Discussion
5.1. The Influence of Alkaline Regulation on the Water—Rock Reaction Pathway

The static experimental results revealed significant differences in water—rock interac-
tions between various types of reinjection water and the carbonate rocks of the Wumishan
Formation. In the YS system (untreated geothermal water), both calcite and dolomite exhib-
ited low solubility. However, the progressive decreases in Ca?* and HCO3 ™~ concentrations
over time indicated a state of supersaturation with respect to calcium carbonate, ultimately
leading to calcite precipitation. This observation was further confirmed by the PHREEQC
inverse modeling, which showed negative values for calcite mass transfer, consistent with
precipitation. In contrast, the MS system (primary-treated water), which underwent fil-
tration and sterilization, exhibited reduced mineral precipitation, particularly a decline
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in calcite precipitation and a slight enhancement in dolomite dissolution. These findings
were also supported by PHREEQC simulation results, suggesting that while filtration and
sterilization removed suspended solids and microbial activity, they did not significantly
alter the ionic strength of the fluid and thus had limited impact on the overall mineral
dissolution—precipitation behavior.

When alkaline agents such as NaOH and Nay,CO3 were added to the injection water
(CS system), both experimental and simulation results indicated that the enhanced alkalinity
reduced calcite precipitation and increased dolomite solubility. PHREEQC modeling
showed that the addition of NaOH and Na,COj significantly altered the saturation state
of the system. Alkaline adjustment suppressed carbonate mineral precipitation while
promoting the dissolution of silicate minerals, such as albite. The increased involvement of
silicate minerals contributed to improved pore structure and helped mitigate the negative
impact of carbonate precipitation on reservoir permeability. These findings suggest that
alkaline regulation of the injection water not only altered mineral dissolution kinetics but
also facilitated the dissolution of different minerals by modifying the ionic composition of
the solution.

The experimental and PHREEQC simulation results for the YMS and YCS water types
further highlight the complexity of mineral reaction pathways in mixed water systems.
Notably, the YMS water exhibited enhanced dissolution of dolomite as well as increased
solubility of silicate minerals. Experimental data showed that the elevated Na* concentra-
tions promoted the dissolution of silicate minerals such as albite, while the dissolution of
carbonate minerals also intensified. The PHREEQC inverse modeling results aligned well
with the experimental observations, indicating that changes in ionic concentration directly
influence the dissolution—precipitation equilibrium of minerals.

In contrast, the YCS water system showed a more pronounced tendency for calcite pre-
cipitation. Both experimental data and PHREEQC simulations confirmed significant calcite
precipitation. Due to the mildly alkaline pH maintained in the mixed water system, calcite
readily reached supersaturation and precipitated under such conditions. Additionally, the
dissolution of sulfate minerals was evident in the YCS system, with both experimental and
modeling results supporting this observation.

To more clearly reveal the regulatory effect of alkaline control on the reaction pathway,
typical ion ratio indicators were further introduced for analysis (Figure 11).
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Figure 11. Temporal evolution of major ion ratios during batch experiments at 70 °C and 17 MPa.
The panels show changes in Na*/ Ca%*, (Na* + K*)/Cl—, SO42~ /Cl~,HCO3~ /Cl~, and Ca?*/ Mg2+
over the 8-day reaction period, reflecting the coupled effects of ion migration, mineral dissolution,
and precipitation under different injection water conditions.
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The evolution of major ions during the reaction provides crucial insights into the
water-rock interaction processes. The continuous increase in Ca2* and Mg?* concentrations
indicates carbonate dissolution as a dominant process, primarily driven by the under-
saturation of calcite and dolomite in the early reaction stage. Meanwhile, Na* and K*
concentrations gradually increase due to the dissolution of silicate minerals such as al-
bite and K-feldspar, whereas the decrease in SO42~ and Cl~ reflects gypsum dissolution
followed by possible secondary precipitation and ion exchange processes.

The variation in ion ratios further reveals the competitive reactions among different miner-
als. A decreasing Na*/Ca®* ratio and increasing Ca?*/Mg?* ratio indicate enhanced carbonate
dissolution and cation exchange between Na* and Ca?*. The (Ca?* + Mg?*)/(Na* + K*) ratio
shows that alkaline solutions promote cation exchange and silicate dissolution while inhibiting
secondary carbonate precipitation. In particular, the increase in Na* and K* relative to CI~ (Na*
+K*/Cl17) suggests that ion sources are not solely from simple halite dissolution but are strongly
affected by silicate hydrolysis. Overall, the ionic responses highlight the coupled behavior of
dissolution, ion exchange, and re-precipitation during fluid-rock reactions, governed by both
fluid composition and mineral buffering capacity.

As shown in Table 6, the variations in ionic concentrations exhibit a consistent quan-
titative correspondence with the simulated mineral dissolution—precipitation processes,
although the absolute values do not perfectly match. Such discrepancies mainly arise from
the overlap of multiple mineral reactions, charge-balance constraints in inverse modeling,
and the influence of ion exchange or surface adsorption.

Table 6. Correlations between major ion variations and corresponding mineral dissolu-
tion/precipitation processes.

Sample

AZ(Ca* +
Mg?*) (mmol/L)

Carbonate ANa* Feldspar-Halite AH,Si03 Aluminosilicate Dominant Geochemical
Change Change

(mmol/L) (mmol/L) (mmol/L) (mmol/L) Change(mmol/L) Process

YS

MS

CS

YMS

YCS

—0979 |

—0241

+0.2721

+0.644 1

—0.638

Carbonate precipitation
—-0.229 ] —0.391] —0.395 ] +0.099 1 +0.249 1 with minor feldspar
dissolution
Weak carbonate
precipitation with
—0.297 | —1.348 ] +0.368 1 +0.321 1 +0.167 1 enhanced feldspar
dissolution
Co-dissolution of
—0.060 | +1.522 1 +0.089 1 +0.365 1 +0.089 1 carbonates and
aluminosilicates
Carbonate re-precipitation
—0.787 | +1.087 1 +0.046 1 +0.343 1 ~0 coupled with strong
silicate dissolution
Intense carbonate
—0.812 | -1.827 | +1.510 1 +0.270 1 —0.245] precipitation with partial
silica re-precipitation

Note: Positive (1) values indicate concentration increase/mineral dissolution. Negative () values indicate
concentration decrease /mineral precipitation. The correspondence between ion variations and mineral reactions
is estimated based on PHREEQC-derived reaction quantities.

The distinct responses among different water systems reflect the coupling between
carbonate re-precipitation and silicate dissolution driven by the chemical composition
of the injected fluids. In the YS and YCS systems, both £(Ca?* + Mg?*) and HCO;~
show significant decreases, accompanied by negative values of (calcite + dolomite). This
indicates that carbonate minerals predominantly re-precipitate, leading to Ca?* and Mg?*
depletion in the aqueous phase [41]. Conversely, the CS and YMS systems display positive
Na* and H,SiOj3 variations, coupled with increases in aluminosilicate dissolution (mainly
albite and K-feldspar). These features suggest that higher Na* content and moderate
alkalinity facilitate silicate dissolution while suppressing carbonate re-precipitation. The MS
system represents a transitional state, showing moderate carbonate precipitation alongside
continuous feldspar dissolution. Collectively, these quantitative relationships confirm that
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the observed ion evolution can be attributed to coupled carbonate precipitation—silicate
dissolution reactions, governed by the fluid’s alkalinity and ionic composition.

Mechanistically, the enhancement of silicate dissolution under moderate alkalinity
increases the buffering capacity of the system, maintaining near-neutral pH in the reaction
zone and preventing excessive carbonate saturation. This self-regulating feedback helps
mitigate scaling risk near the injection well and promotes a spatial redistribution of reactive
fronts deeper into the reservoir [42].

5.2. Ion Migration Rules and Risk Assessment

The forward PHREEQC simulation results reveal distinct differences in the migration
behaviors of various ions within the reservoir, which can be broadly categorized into
three types:

e  Reaction-controlled ions (e.g., Ca®*, Mg?*, SO427): These ions form pronounced
concentration peaks near the injection front and gradually migrate deeper as reactions
progress. Their behavior is characterized by a “front propagation-reaction release—
localized enrichment” pattern, primarily governed by the dissolution and precipitation
of carbonate and sulfate minerals.

e  Physically transported ions (e.g., Na*, C17): These exhibit well-defined and consistent
front advancement with relatively stable concentrations, acting as conservative tracers
that reflect fluid flow paths and migration velocities. While Na* may be slightly
affected by the dissolution of feldspar minerals, its overall reactivity remains low.

e  Slow-releasing ions (e.g., Si): These ions show a delayed front propagation and grad-
ual concentration increase, indicative of the limited reaction rates of silicate minerals
(e.g., quartz, feldspar, illite) under high-temperature water—rock interaction condi-
tions. This behavior suggests that Si may serve as a key factor controlling long-term
reservoir evolution.

Alkalinity-regulated water injection presents a pronounced dual effect in geothermal
reinjection systems. On one hand, moderately elevated pH can improve reservoir rock
wettability and enhance aluminosilicate dissolution, thereby delaying early-stage clogging
and unlocking additional reactive capacity. On the other hand, excessively high pH or
elevated concentrations of alkaline cations may trigger the precipitation of carbonate and
sulfate minerals, potentially causing scale formation and reducing reservoir permeability.

Therefore, it is essential to develop targeted water chemistry regulation strategies
based on the simulated migration and reaction characteristics of different ionic species. In
the short term, controlling the pH of the injected water as well as the concentrations of
Ca?* and SO42~ can help avoid supersaturation of carbonate and sulfate minerals, thereby
reducing the risk of precipitation. In the mid-term, strategies such as mixed water injection
or pulsed injection can improve water—-rock contact uniformity and mitigate unstable
flow caused by density gradients. In the long term, enhanced real-time monitoring and
adaptive management are recommended, using reactive transport modeling to dynamically
evaluate ion migration and mineral evolution trends, thus enabling timely adjustments to
injection strategies.

Overall, the regulatory effects of alkaline water must strike a balance between pro-
moting beneficial reactions and suppressing mineral precipitation and clogging. Through
dynamic chemical control, it is possible to effectively steer the water—rock reaction path-
ways and manage the advancement of the injection front—both of which are crucial for
improving the operational stability and extending the service life of geothermal systems.
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6. Conclusions

This study systematically investigated the evolution of water—rock interaction path-
ways and key mechanisms in carbonate geothermal reservoirs under different injection
water chemistries through the combined application of static experiments, PHREEQC
inverse modeling, and forward reactive transport simulations. Experimental results demon-
strated that the pH and ionic composition of the injection fluid significantly influence
mineral dissolution—precipitation behavior. Alkaline regulation was shown to suppress
calcite precipitation while enhancing the sustained dissolution of dolomite and silicate
minerals. The inverse simulations effectively identified the dominant reactive minerals and
quantified their mass changes under various injection conditions, validating the ion concen-
tration trends and mineralogical responses observed in the experiments and improving the
understanding of reaction pathways. Forward simulations further extended the analysis
by revealing the spatiotemporal evolution of the reactive system, clearly distinguishing
the transport behaviors of reaction-controlled, physically migrating, and slow-releasing
ions and their coupling with the development of the reactive zone. The results suggest that
moderate alkaline regulation can improve water—rock reaction pathways, delay early-stage
mineral precipitation, and promote silicate reactivity. These effects could potentially reduce
clogging risks and improve reservoir injectivity. Overall, the findings provide theoretical
support and parameter references for the optimization of injection-production strategies in
medium-deep carbonate geothermal systems.
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