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Abstract: Geothermal reinjection is a new method of geothermal development which can maintain
regional geothermal reservoir pressure, and it is conducive to the sustainable development and
utilization of geothermal heat. However, geothermal reinjection blockage has always been a problem
that restricts geothermal development and utilization, causing geothermal reservoirs, especially the
attenuation of sandstone geothermal reservoirs. Considering an example of a typical sandstone
geothermal reservoir in Binzhou, in this study, in situ geothermal fluids and borehole cores were col-
lected to conduct automatic rotary reactor experiments under different temperature and acidification
conditions in laboratory studies. The chemical compositions of geothermal fluids and core samples
before and after the experiment were compared. The results show that both temperature and acid
have significant effects on the water–rock interaction. The effect of temperature is mainly shown
on mineral solubility, while the effect of acidification is shown in the increased dissolution of calcite
and feldspar minerals. Compared with high temperature (65 ◦C) reinjection conditions, the calcite
precipitation at a low temperature (45 ◦C) is largely reduced, but with larger total mineral volume
changes, mainly due to the formation of montmorillonite. Therefore, from the laboratory studies, it is
recommended to preform reinjection using a low-temperature fluid, without adding acids.

Keywords: sandstone geothermal reservoir; reinjection fluids; water–rock interaction; reactor
experiment; mineral composition

1. Introduction

Geothermal energy is a sustainable and clean energy source that has received ex-
tensive attention over the past decade. Reinjection of geothermal water is used to pour
geothermal wastewater or groundwater into geothermal reservoirs [1]. Its main purpose is
to process geothermal wastewater, improve or restore the heat production capacity of the
reservoir, and maintain the geothermal fluid pressure of geothermal fields. Moreover, the
reinjection of wastewater after treatment can effectively reduce the thermal and chemical
pollution in the soil, surface water, and shallow groundwater caused by geothermal water
discharge [2–4]. In many countries, reinjection of geothermal wastewater has been proved
to be an effective way to maintain geothermal reservoir pressure [1,2,5,6].

However, the suspended matter, sediment, gas, and microorganisms carried in the
cooled water of geothermal reinjection leads to the blockage of geothermal reservoirs,
which is a problem that restricts the development and utilization of geothermal energy [7,8].
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The causes of geothermal water injection blockage are complex, including physical blockage
(caused by suspended solid particles), biological blockage (caused by bacteria), chemical
blockage, and gas blockage after a change in the geothermal fluid environment [3,6,9–11].
Suspended solids, microorganisms, and chemical precipitation in the reinjection of cooled
thermal water were the top three causes of reservoir blockage due to decreased permeabil-
ity [12]. The influence of chemical processes, such as oxidation-reduction and acid-base
reactions on carbonate precipitation in geothermal reservoirs, were investigated, and equa-
tions were established to predict the scaling tendency [13]. The mineral scaling caused by
the reinjection of geothermal water was also studied and simulated in fractured geothermal
fields [14]. In addition to particle migration, the influence of chemical blocking was found to
be the main blocking factor in the Xianyang well, and the chemical blocking rate accounted
for 38.2% of the total [15]. At present, the reinjection of carbonate geothermal reservoirs
has reached a relatively satisfactory degree [16]; however, the reinjection of sandstone
reservoirs remains an international technical problem. Previous experimental studies have
been conducted on the chemical precipitation and scaling rule in the blockage of reinjection
water [7,17]. The pore blockage caused by the precipitation of solid particles was the
main factor for the weakening of reinjection capacity [11]. Experiments were conducted to
study the blocking mechanism of cooled thermal water reinjection in Xi’an and Xianyang,
and it was reported that Fe2+ in groundwater formed glue-packed sediments, causing
blocking [18]. At present, scholars have made some progress regarding chemical clogging
of reinjected water, but most studies tend to provide qualitative conclusions, and there is a
lack of systematic research on dissolution and precipitation in water–rock interactions.

In this study, using geothermal water and sandstone samples collected from the
Binzhou geothermal field, laboratory studies have been carried out by applying the geo-
chemical element migration method, through the automatic rotary reactor of the geothermal
fluid injection and the water in the reservoir rock process, to perform quantitative research.
Thus, we provide theoretical references regarding the sandstone geothermal reservoir
injection fluid chemical blocking mechanism.

2. Characteristics of Sandstone Geothermal Reservoirs

Binzhou geothermal field is located in the North China Plain, which is a Mesozoic-
Cenozoic fault depression basin with Archean and Paleozoic basement. Influenced by
differential lifting movements, huge, thick sedimentary layers of Mesozoic and Cenozoic
terrestrial clastic rocks were deposited (Figure 1). The main fault in the region is the Qihe-
Guangrao Fault, with a NEE strike and NW tendency, and a dip of >60◦. The fault is formed
before the Mesozoic Era and is still strongly active in the Cenozoic Era.

The geothermal water of the Binzhou geothermal field is mainly accumulated in the
pores of the Paleozoic and Neoproterozoic layered sandstone and in the karst pores of Pale-
ozoic limestone. The Neoproterozoic Guantao formation is the main exploited geothermal
reservoir, and the Neoproterzoic Minghuazhen formation and the Quaternary layer act as
the cover layers (Figure 1). The top interface of the Neoproterozoic Guantao Formation
geothermal reservoir is 900–1040 m deep, the bottom interface is 1000–1300 m deep, and
the reservoir thickness is 100–300 m. The logging data of local geothermal boreholes show
that the temperature of the geothermal water is generally less than 90 ◦C [19]. The lithology
of the Guantao Formation geothermal reservoir is mainly fine sandstone and feldspathic
sandstone, and the main mineral composition is quartz, plagioclase, and biotite.

At present, 16 geothermal boreholes have been used for geothermal development
and utilization in the Binzhou geothermal field, and the exploited stratum are all from the
Neoproterozoic Guantao formation. The depth of geothermal boreholes is 1298~1500 m,
the outlet water temperature is 50~53 ◦C, the yield of a single borehole is 80~100 m3/h,
and the actual exploitation volume is 60~80 m3/h [19]. The static water level in the area is
at a depth of 46.5–52.0 m, and the dynamic water level is 61–86 m. At a drawdown water
level of 20 m, the yield of a single borehole ranges from 60 to 120 m3/h. The main water
chemistry type is Na-Cl, and the total dissolved solids of 8–11 g/L [19].
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Figure 1. Conceptual geological map of Binzhou, China. (a) Tectonic location of the Binzhou geo-

thermal field[20]; (b) geological map of Binzhou geothermal field. The red star donates the location 

of the ZR1 borehole used in this study; (c) geological section of Shimiao-Lizhuang. The location of 

Figure 1. Conceptual geological map of Binzhou, China. (a) Tectonic location of the Binzhou
geothermal field [20]; (b) geological map of Binzhou geothermal field. The red star donates the
location of the ZR1 borehole used in this study; (c) geological section of Shimiao-Lizhuang. The
location of the section can be found in (b). Abbreviations: CAOB—Central Asian Orogenic Belt;
NCB—North China Block; SCB—South China Block; Fm.—Formation.
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3. Methods
3.1. Sample Preparation

Geothermal water was collected from a geothermal borehole in Binzhou, China, with
a total dissolved solids (TDS) of 11 g/L. The geothermal water was heated in an incubator
at 55 ◦C (reservoir temperature revealed by logging data of the borehole [19]), then mixed
evenly, and distributed into 40 parts (including 20 parts at 45 ◦C and 20 parts at 65 ◦C).
Under each temperature condition, 10 parts were placed in the normal group and 10 parts
were placed in the acid group, with 2% hydrofluoric acid (HF) added for comparison with
the normal group. 300 mL Geothermal water was added to each sample of the normal
group. The acid group contained 280 mL geothermal water with 20 mL acid.

The core is weakly consolidated loose rock with bedding layers, and is taken from the
sandstone reservoir in the same geothermal borehole in Binzhou as the geothermal water,
with a depth of 1153 m. The cores were initially crushed using a grinder, screened using a
50-mesh sieve, washed with distilled water to remove soluble salt, dried, and then screened
using a 50-mesh sieve. A total of 30 g of rock powder was weighed using a high-precision
balance and distributed to each sample (Figure 2).
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Figure 2. Water and rock sample preparation. (a) Weakly consolidated sandstone core with nearly
horizontal layer formation; (b) preparation of distilled water with resistivity value of 18.2 MΩ·cm;
(c) preparation of 2% hydrofluoric acid; (d) sandstone cores ground and screened with a 50-mesh sieve.

3.2. Experimental Design

The experiment was designed to simulate the water–rock interaction dissolution and
precipitation at 65 ◦C and 45 ◦C. Experimental samples of the same temperature were put
into the automatic rotary reactor system at the same time and taken out at the appropriate
time, as designed (Table 1). The effect of the acid addition on the water–rock interaction
was compared by placing the acid group and the normal group under different temperature
conditions. The detailed design is shown in Table 1.
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Table 1. Water–rock interaction experimental design.

Sample ID Geothermal Water + Acid (mL) Core Rock (g) Temperature (◦C) Time (h)

W65-1 300 30 65 1
W65-2 300 30 65 6
W65-3 300 30 65 12
W65-4 300 30 65 24
W65-5 300 30 65 30
W65-6 300 30 65 36
W65-7 300 30 65 48
W65-8 300 30 65 52
W65-9 300 30 65 56

W65-10 300 30 65 60
S65-1 280 + 20 30 65 1
S65-2 280 + 20 30 65 6
S65-3 280 + 20 30 65 12
S65-4 280 + 20 30 65 24
S65-5 280 + 20 30 65 30
S65-6 280 + 20 30 65 36
S65-7 280 + 20 30 65 48
S65-8 280 + 20 30 65 52
S65-9 280 + 20 30 65 56

S65-10 280 + 20 30 65 60
W45-1 300 30 45 1
W45-2 300 30 45 6
W45-3 300 30 45 12
W45-4 300 30 45 24
W45-5 300 30 45 30
W45-6 300 30 45 36
W45-7 300 30 45 48
W45-8 300 30 45 52
W45-9 300 30 45 56

W45-10 300 30 45 60
S45-1 280 + 20 30 45 1
S45-2 280 + 20 30 45 6
S45-3 280 + 20 30 45 12
S45-4 280 + 20 30 45 24
S45-5 280 + 20 30 45 30
S45-6 280 + 20 30 45 36
S45-7 280 + 20 30 45 48
S45-8 280 + 20 30 45 52
S45-9 280 + 20 30 45 56

S45-10 280 + 20 30 45 60

3.3. Precipitation Quality Analysis

Before placing the samples, the filter paper was weighed using a high-precision
balance, and the rock powder was placed on the filter paper for weighing and recording.
After adding the rock powder to the geothermal water and placing each sample into the
automatic rotary reactor system, the reaction was started at the same time for each sample
under the same temperature conditon (Figure 3)”. When the samples reached the expected
time, they were removed, filter paper was added for filtration, and the filtered precipitation,
along with the filter paper, was placed in a 105 ◦C incubator for drying. After drying, a
high-precision balance was used to weigh and record the precipitation.

3.4. Major Element Analysis of Water and Ground Rock Specimens

The concentrations of major cations of water were detected using an ICP-OES (iCAP
7200 Duo, Thermo Fisher Scientific, Waltham, United States). The anions were determined
using ion chromatography (ICS3000, Thermo Fisher Scientific). The mineral composition of
the ground rock specimens was determined using X-ray diffraction (XRD), and the test was
carried out at the Beidazhihui Microstructure Analysis and Testing Center in Beijing. The
whole-rock major element contents of the ground rock specimens were determined by X-ray
fluorescence spectroscopy (XRF-1500), as well as the trace element and rare earth element
(REE) contents in the ground rock specimens. For elemental contents greater than 1 ppm,
the accuracy of the analytical method is better than 5%; otherwise, the accuracy is usually
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better than 10%. The analytical uncertainty was 10% for elements with an abundance
≤10 ppm and approximately 5% for elements with an abundance ≥10 ppm.
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3.5. Calculation of Mineral Volume Changes

The specific mineral volume changes before and after the water–rock interaction is
calculated using the following equation:

∆Vi =
∆Ai
Di

where ∆Vi and ∆Ai are the individual mineral volume change and mass change, respec-
tively; Di is the density of the individual mineral.

The total mineral volume change is calculated as follows:

∆Vtotal = ∑
∆Ai
Di

= ∑
Atatal × ∆Xi

Di

where ∆Vtotal is the total mineral volume change; Atatal is the total mass amount; ∆Xi is the
percentage change in mass of individual mineral.

In the calculation, the total mass amount was set as 100 g. The percentage change in
the mass of minerals can be obtained from XRD measurement results. The density data of
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the minerals are referred from the National Infrastructure of Mineral, Rock, and Fossil for
Science and Technology (http://www.nimrf.net.cn, accessed on 20 August 2022) [20].

4. Results

Through the automatic rotary reactor experiments for acid and normal groups at
65 ◦C and 45 ◦C, the change characteristics of the residual precipitation under the reaction
conditions of 0–60 h were obtained (Table 2). Compared with the initial precipitation
of 30 g, the residual precipitation of each sample after water–rock interaction decreased.
The main element contents of the geothermal water (Table 3), core rock (Table 4), and
mineral composition of the core rock (Table 5) after 60 h of reaction were obtained at
different temperatures.

Table 2. Residual precipitation varies with time.

Time (h)
Residual Precipitation Amount (g)

W65 S65 W45 S45

0 - 30 - 30 - 30 - 30

1 W65-1 29.51 S65-1 29.4 W45-1 29.15 S45-1 28.52

6 W65-2 29.88 S65-2 29.12 W45-2 29.22 S45-2 29.34

12 W65-3 29.59 S65-3 29.63 W45-3 28.91 S45-3 29.23

24 W65-4 29.57 S65-4 29.35 W45-4 29.24 S45-4 29.1

30 W65-5 29.55 S65-5 29.34 W45-5 29.49 S45-5 28.99

36 W65-6 29.38 S65-6 29.36 W45-6 29.23 S45-6 29.39

48 W65-7 29.42 S65-7 29.22 W45-7 29.11 S45-7 29

52 W65-8 29.83 S65-8 29.45 W45-8 29.06 S45-8 29.4

56 W65-9 29.19 S65-9 29.16 W45-9 29.62 S45-9 29.64

60 W65-10 29.55 S65-10 29.38 W45-10 29.37 S45-10 29.49

Table 3. Contents of major elements in geothermal water before and after water–rock interaction
(in mg/L, except for pH, which is in standard pH units).

Yuan-1 (Water) W65-10 S65-10 W45-10 S45-10

pH 7.73 7.59 7.15 7.3 4.3

TDS 9020 9310 9370 9610 8890

HCO3 139 102 386 127 0

H4SiO4 33.8 18.6 61.3 15.3 197

H2SiO3 32.9 18.4 61.1 15 195

SO4 2720 2390 1920 2310 2390

Cl 4210 4340 4550 4510 4210

Ca 351 382 384 390 328

K 38.8 54.1 50.7 50.1 49

Na 4030 2920 4320 4100 3930

Mg 70.1 78.9 89.6 78.5 145

Fe 0.04 0.46 0.05 0.05 20.2

http://www.nimrf.net.cn
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Table 4. Contents of major elements in core rock before and after water–rock interaction (in wt%).

Yuan-1 (Rock) W65-10 S65-10 W45-10 S45-10

Si 26.65 28.19 29.98 33.47 32.41

Ca 10.91 10.71 9.59 2.08 2.17

K 2.07 2.25 2.29 2.98 2.8

Na 0.751 0.797 0.791 0.984 0.828

Mg 0.552 0.398 0.314 0.499 0.627

Fe 2.87 2.03 1.79 3.01 3.31

Table 5. Mineral composition in core rock before and after water–rock interaction (in %).

Yuan-1 (Rock) W65-10 S65-10 W45-10 S45-10

Quartz 0.66 0.64 0.73 0.64 0.65

Albite 0.11 0.12 0.09 0.1 0.13

Microcline 0.07 0.06 0.05 0.08 0.08

Muscovite 0.06 0.06 0.05 0.09 0.06

Montmorillonite 0 0 0 0.09 0.06

Calcite 0.1 0.12 0.08 0 0.02

5. Discussion
5.1. Mineral and Element Migration during Interaction
5.1.1. Mineral Composition Comparison

The characteristics of the dissolved and precipitated minerals can be obtained from the
mineral composition of the core rock during the water–rock interaction. Compared with
the mineral components of the core sample before the experiments (yuan-1), calcite was
dissolved in different amounts and montmorillonite was newly formed (Figure 4). Element
migration during water–rock interactions can also occur in a short period of time [21].
Muscovite, albite, and microcline have small amounts of dissolution and precipitation,
whereas quartz shows varying dissolution and precipitation characteristics under different
temperature conditions.
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From the temperature conditions, compared with yuan-1, at 45 ◦C, montmorillonite
formed and the calcite dissolved, while at 65 ◦C, montmorillonite did not form, nor did the
calcite dissolve. This shows the differences in mineral dissolution and precipitation due
to temperature variables. Calcite did not dissolve at 65 ◦C, possibly because the solubility
of calcite decreases as temperatures increase [22,23], causing the calcite to precipitate.
Therefore, despite the presence of hydrofluoric acid in the samples of the acid group, the
content of acid-dissolved calcite may be less than that of precipitated calcite due to reduced
solubility. The mineral compositions of W65-10 and S65-10 are quite different. W65-10
primarily precipitated calcite, whereas S65-10 dissolved calcite, albite, and muscovite. The
formation of montmorillonite at 45 ◦C is possibly due to the alteration in albite [24]. The
speculated chemical reactions are as follows.

Albite/microcline + H2O + Ca2+ + H+ + Mg2+ →
(
K+, Na+

)
+ SiO2 + Montmorillonite (1)

CaCO3 + H2O + CO2 ↔ Ca2+ + HCO−3 + OH− (2)

Albite/microcline consumes Ca when generating montmorillonite (1), causing the
calcite water solubility equation to proceed to the right side (2) and increasing the disso-
lution of calcite. This may be the reason for the precipitation of montmorillonite and the
dissolution of calcite at 45 ◦C. Correspondingly, the content of Ca reduced, owing to the
decrease in the solubility of calcite at 65 ◦C (2), causing the reaction to proceed to the left (1),
and thus no montmorillonite is formed”. However, the reason why the mineral fractions of
albite/microcline did not decrease at 45 ◦C is not clear.

5.1.2. Contents of Major Elements Comparison

At 45 ◦C, the rock dissolves calcite, albite, microcline, and muscovite to produce
montmorillonite, indicating the loss of Ca and gain of Si. As the water–rock interaction
occurs in a closed space, the corresponding water acquires Ca and loses Si (Figure 5). The
loss of Ca, K, and Na from dissolved calcite, albite, microcline, and muscovite may enter
the water or montmorillonite for reprecipitation; therefore, the corresponding changes
in ion content in water and rock must be determined. We have compared the typical
elements (Si, Ca, K, Na, Mg, Fe) of the W45-10 and S45-10 samples at 45 ◦C with the
original sample (yuan-1). Si precipitates from the water into the rock, which is consistent
with the mineral composition analysis. The dissolution of Ca from the rock into the water
indicated that the Ca content in the precipitated montmorillonite was less than that of
dissolved calcite. Compared with Si and Ca, the other elements did not show obvious
migration characteristics. For example, Mg in both W45-10 and S45-10 showed an increase
in water content, which indicates the dissolution of Mg from the rock into the water. The
migration of Mg is probably because albite, microcline, and muscovite dissolve to provide
Mg. However, the Mg content in the rock of S45-10 increased slightly, likely because of the
larger loss of additional ion content (such as Ca), resulting in the rocks showing an increase
in the percentages, despite the loss of Mg. Similarly, K and Fe showed an increase in their
contents in both water and rock.

At 65 ◦C, the dissolution of quartz and the precipitation of calcite occurred in W65-10,
whereas the dissolution of calcite, albite, microcline, and muscovite occurred in S65-10. The
Si in the W65-10 sample was precipitated into the rock, while the Si in S65-10 showed an
increase in both rock and water (Figure 5), presumably because of the increase in Si in water
caused by the dissolution of albite, microcline, and muscovite under acidic conditions and
the corresponding increase in quartz content in the mineral composition, caused by the
dissolution of other minerals. Furthermore, the greater content loss of ions other than Si
may increase the content of Si in the rock, which is supported by the fact that Ca, Mg, and
Fe are dissolved from the rock into water. K and Na in S65-10 show an increase in content
in both rock and water, where the content increase in water may be due to the dissolution
of albite, microcline, and muscovite. The content increase in rock may be the result of
the increased dissolution of Ca, which leads to a relatively higher content of K and Na in
the rock.
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Figure 5. Major element comparison of water and rock. The change in content of Si in water is
denoted as H4SiO4, and in rock, is denoted as Si.
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5.2. Characteristics of Precipitation Amount over Time

Minerals are able to dissolve and precipitate in the short experimental times [21,25,26].
The experimental results show that the water–rock interaction under different temperature
conditions has different dissolution and precipitation effects (Figure 6), and the residual
precipitation under temperature conditions higher than the reservoir temperature is greater
than that under temperature conditions lower than the reservoir temperature. A significant
decrease in the quality under different temperature conditions at the beginning of the
experiments was noted, and the remaining quality under different temperature conditions
tended to increase with time.
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The acid-adding geothermal water had a more obvious initial dissolution effect, which
effectively reduced the precipitation (Figure 6). The dissolution effect was similar after
adding acid under different temperature conditions; however, the remaining quality un-
der different temperature conditions tended to increase with time, and the amount of
precipitation by the end of the experiments was basically the same among the acid and
normal groups.

5.3. The Temperature Effect on Water–Rock Interaction
5.3.1. Variation of Composition Content under Different Temperature Conditions

The changes in the composition of geothermal water and rock under different tem-
perature conditions during the water–rock interaction can reflect the migration pattern
of the materials (Figure 7). The contents of Mg, Fe, and Ca in the water at 45 ◦C were
generally higher than those at 65 ◦C, revealing that more elements dissolved from the rock
into the water. This situation is consistent with the change in precipitation amount, where
precipitation at 45 ◦C is less than that at 65 ◦C.

The migration of the elemental composition of the rock shows that there are significant
differences in the Si, Ca, and Fe contents at different temperatures (Figure 8). Among them,
Ca was reduced from 10.91 wt% to 2.8–2.98 wt% at 45 ◦C, with a reduction of more than
70%, but only slightly reduced to 9.59–10.71 wt% at 65 ◦C, with a reduction of about 12%.
Si also showed a significantly higher content at 45 ◦C than at 65 ◦C, while Fe significantly
increased from 2.87 to 3.01–3.31 wt% at 45 ◦C, but slightly decreased to 1.79–2.03 wt% at
65 ◦C. Overall, the results show that temperature is controlled by elemental migration.
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Figure 7. Comparison of elemental composition in geothermal water under different temperature
conditions.
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5.3.2. Characteristics of Mineral Composition and Mineral Volume Changes at
Different Temperatures

The mineral compositions at 45 ◦C and 65 ◦C showed obvious differences (Figure 4).
This is demonstrated by the fact that montmorillonite minerals were newly formed, and
calcite was almost completely dissolved at 45 ◦C, regardless of whether acid was added,
whereas at 65 ◦C, not only was montmorillonite not formed, calcite was also not completely
dissolved. The role of temperature control was also evidenced by the differences in the
response to acid addition under different temperature conditions. At 45 ◦C, the effect
of adding acid is to increase the dissolution of quartz, albite, and calcite, and reduce
the precipitation of muscovite and montmorillonite (Figure 4). At 65 ◦C, the effect of
adding acid was to increase the dissolution of calcite and increase the precipitation of
quartz. Decreasing the temperature from 65 ◦C to 45 ◦C, the precipitation of muscovite and
montmorillonite both showed an increasing trend, while calcite showed a decreasing trend.

The variation in total mineral volume under different temperature conditions also
varied significantly. Mineral volume increase reached 0.355–0.474% at 45 ◦C, but only
reached−0.031–0.029% at 65 ◦C, showing that the mineral volume increase is more obvious
at lower temperatures (Figure 9, Table S1 in the Supplementary Materials). The increase in
total mineral volume also implies a decrease in rock porosity [27]. Based on the different
mineral characteristics, varying temperature conditions controlled the volume changes of
albite, muscovite, montmorillonite, and calcite. Albite, muscovite, and montmorillonite
exhibited a more pronounced mineral volume increase at 45 ◦C, while calcite showed a
remarkable volume decrease (Figure 10). In contrast, the volume changes in quartz and
plagioclase were not significantly affected by temperature conditions.
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Figure 10. Characteristics of volume change of individual minerals under different temperature conditions.

5.4. Effect of Acid on Water–Rock Interaction

The test results showed that the acid has a more significant effect on the dissolution of
minerals, accelerating the migration of some elements between water and rock. Moreover,
it causes a reversal of the migration pattern of the elements in geothermal water under
temperature change conditions (Figure 7).

Without adding acid and decreasing the temperatures from 65 ◦C to 45 ◦C, the contents
of HCO3 and Ca in geothermal water showed an increasing trend (Figure 7), indicating that
calcite dissolved into water, which may be related to the increase in calcite solubility with
decreasing temperature. Na and Cl also showed an increasing trend, and correspondingly,
the total dissolved solids (TDS) value also showed an increase. With acid addition, the
contents of HCO3, Ca, Na, Cl, and TDS in the geothermal water decreased when the
temperature decreased from 65 ◦C to 45 ◦C, whereas the contents of H4SiO4, H2SiO3, SO4,
Mg, and Fe increased, contrary to the condition without the acid addition (Figure 7). In
combination with the mineral composition, the dissolution of calcite and albite/microcline
of the acid group and the content of Si and Mg in the water increased significantly, probably
because the acid accelerated the dissolution of calcite and albite/microcline.

Compared with geothermal water, the elemental content of the rock in the acid group
did not show obvious differences from that in the normal group. For the significant
increase in Si and Mg content in water, ground rock specimens did not show a major
decrease (Figure 5), which may be due to the obvious decrease in Ca, thus concealing the
decrease in Si and Mg content. Furthermore, it can be noted that the effect of acid on the
water–rock interaction is weaker than that of temperature. For example, the difference
between the content of Ca in rocks at the same temperature is less than 1 wt% for the acid
group and the normal group (Table 4), but the difference between the content at 45 ◦C and
65 ◦C can be more than 7 wt%.

5.5. Implications for Sandstone Reinjection Blockage Reduction

Each geothermal field has a unique geological setting and reservoir characteristic [28–30].
It might be complicated to determine the “optimal” water reinjection [31,32], but the
study of the effect of temperature and acidification on the water–rock interaction can
provide a reference for reinjection of the sandstone geothermal reservoir. In terms of
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chemical blockage, the effect of reinjection water, with a temperature close to the reservoir
temperature, on the geothermal reservoir was affected by temperature, and the effect of
water acidification was relatively weak. Previous studies on sandstone geothermal reservoir
reinjection concluded that relatively low-temperature water reinjection is theoretically
better than high-temperature water reinjection [6,31,33]. The total amount of precipitation
increases with increasing temperature [34,35]. According to this study, precipitation above
the reservoir temperature was the largest, but with the least change in total mineral volume.
The residual precipitation quality at 45 ◦C was relatively small, but the increase in total
mineral volume was larger than that at 65 ◦C, indicating that the increase in total mineral
volume at 45 ◦C may be due to precipitation deposition filling and blocking part of the
pores. Although the quality of precipitation increases at 65 ◦C, the change in total mineral
volume is smaller, and the effect of blockage is probably more limited. Acid stimulation
is often used to improve the injectivity of geothermal wells (e.g., [5,31,36]). In this study,
the addition of acid at the same temperature caused an increase in total mineral volume.
Therefore, to reduce chemical blockage in sandstone reinjection, it is preferable to reinject
low-temperature geothermal water without adding acid; however, chemicals or inhibitors
can be added to reduce montmorillonite precipitation.

6. Conclusions

We conducted laboratory experiments on the water–rock interaction of reinjected
geothermal water in sandstone ground rock specimens at 65 ◦C and 45 ◦C in normal and
acid groups and obtained the following main conclusions.

The water–rock interaction between sandstone and the reinjection of geothermal
water has a relatively large effect on quartz and calcite dissolution and precipitation
and a relatively small effect on muscovite, albite, and microcline. The dissolution and
precipitation processes of calcite are controlled mainly by two factors: acid dissolution and
solubility-related precipitation. Montmorillonite is the principal mineral type generated by
the water–rock interaction.

Both temperature and acidification have significant effects on the water–rock inter-
actions. The effect of temperature is demonstrated by its influence on the solubility of
minerals, as evidenced by the fact that more Na, Cl, Ca, and HCO3 are dissolved in water
at low temperatures (45 ◦C). The effect of acidification is demonstrated by the increased
dissolution of calcite and albite/microcline and the inversion of the migration pattern of
elements in the reinjection water under temperature changes.

Reinjection under high temperature (65 ◦C) conditions generates relatively high pre-
cipitation of calcite, but relatively little change in total mineral volume. The reinjection
under low temperature (45 ◦C) conditions substantially reduced calcite precipitation, but
the total mineral volume change was relatively large, mainly due to the generation of
montmorillonite. Adding acid at the same temperature causes an increase in the total
volume of minerals; therefore, to reduce chemical blockage in sandstone reinjection, it is
preferable to reinject low-temperature fluids without any acid addition.

Finally, it is worth mentioning that the present studies have been carried out on ground
sandstone samples in the laboratory. It is believed that the inferences drawn extend to the
real-life situation in a sandstone geothermal reservoir.
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