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Abstract: Geothermal energy is a clean and environmentally friendly energy source that can be used
sustainably; however, attention towards geothermal energy has been intermittent during the last
40 years as a function of the crisis of oil price. However, geothermal reinjection and clogging has been
a challenge limiting geothermal development and utilization. In China, widely distributed sandstone
geothermal reservoirs have reduced produc tion due to technical constraints such as excessive
reinjection pressure and blockage. In this paper, we took the Binzhou sandstone geothermal field in
North China as an example and conducted displacement experiments under different temperature
and flow rate conditions by collecting in situ geothermal fluid and core rock to obtain changes in
sandstone permeability. By comparing the variation in geochemical and mineral composition of
geothermal fluids and cores before and after the experiments, combined with a water–rock interaction
simulation, we investigated the reasons for the changes in permeability and porosity. The results
show that high temperature and low flow rate have relatively minimal displacement pressure, and
a flow rate of 1.0 mL/min at 45 ◦C shows a minimal effect on permeability, while 1.0 mL/min at
55 ◦C and 0.5 mL/min at 45 ◦C show a minimal effect on porosity. Flow rate is the main factor
controlling permeability, while temperature demonstrated a relatively minor effect. The shift in
permeability and porosity is mainly caused by the precipitation of quartz and the conversion of albite
to montmorillonite. The injection of fluids at 55 ◦C may have dissolved additional minerals with
a minimal change in porosity. However, the permeability reduction at 55 ◦C is greater than that
at 45 ◦C, indicating that the blockage, which led to the permeability reduction, contains multiple
causes, such as chemical and physical blockages. From the laboratory studies, we recommended that
reinjected geothermal water be cooled or kept below the reservoir temperature before reinjection and
at moderate flow conditions.

Keywords: sandstone geothermal reservoir; reinjection fluids; displacement experiment; rock permeability;
rock porosity

1. Introduction

Geothermal energy is an abundant, stable, and reliable renewable energy [1–4]. As of
2021, 88 countries reported their direct applications of geothermal energy, with 107,727 MW
and 1,020,887 TJ/yr of installed capacity and thermal energy currently available globally [5].
The utilization of a sandstone geothermal reservoir is widely exploited in major basins, such
as the North China Basin, Songliao Basin, Guanzhong Basin, Sichuan Basin, and Xining
Basin [6–11]. However, numerous problems have emerged with the increase in mining
activities, such as the continuous decline of the geothermal water level and temperature,
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and the environmental issues caused by the uncontrolled discharge of geothermal water
into surface water [12–15]. The reinjection of geothermal water is useful to improve or
restore the heat production capacity of the reservoir and maintain the geothermal fluid
pressure of the geothermal fields [16–18]. However, for the sandstone reservoirs, the
reinjection capacity is significantly reduced due to formation blockage, which severely
restricts the efficient and economic utilization of geothermal energy [19,20]. The decline in
the reinjection capacity of sandstone geothermal reservoirs is widespread, mainly resulting
in particularly low injection rates [21–23].

The complex causes of reinjection blockage mainly include physical, biological, chem-
ical, and gas blockages after the change in the geothermal fluid occurrence environ-
ment [2,17,18,24,25]. For a physical blockage, suspended matter blockage is the most
common physical blockage mechanism, which can reach 50% of the whole blockage [26].
Suspended particle size, concentration, pore structure, and permeation rate have significant
effects on the deposition and migration characteristics of particles in porous media [27,28].
The pore blockage caused by the precipitation of solid particles was the main factor for
the weakening of reinjection capacity [25]. Gas adheres to the hydrophobic base of the
particles, reducing the permeability of the porous media and causing air blockage, which
accounts for 10% of all blockages [29]. Hydrogeochemical reactions in the reinjection
process may cause sediment accumulation and chemical blockage, accounting for 10% of
all blockages [26]. For instance, the influence of chemical blocking was the main blocking
factor in the Xianyang geothermal field and accounted for 38.2% of the total blockage [6].
The effect of Fe2+ concentration on the clogging rate is critical, as Fe2+ is the main metal ion
that produces chemical precipitation [14,30]. Temperature also demonstrates a significant
effect on chemical blockage, as increased temperature decreases the solubility of carbonate
precipitation [17].

Injection of CO2 and CO2 storage has been a hot topic recently. Researchers have
carried out CO2–water sandstone displacement experiments under different conditions,
which resulted in different conclusions concerning the effects of CO2 injection on the
permeability and porosity of sandstone rock [2,31,32]. In addition, displacement experi-
ments of supercritical CO2 found the precipitation of secondary montmorillonite but no
precipitation of carbonates [33]. Machine learning was applied to predict the sequestration
performance of CO2 injection into saline aquifers (brine systems) within the last five years,
such as predicting the interfacial tension (IFT) based on various robust AI models [34] and
investigating the link between carbon trapping efficiency and influencing factors [35], as
well as exploring the potential of oil formations storage capacity for CO2 injection [36].

For the sandstone geothermal reservoir, studies on the Triassic sandstone in the UK
suggested that pore-scale permeability becomes progressively dominant with an increasing
lithostatic load, and permeability development is controlled by dissolution of calcite–
dolomite in correspondence with fractures [37,38]. Because the mineral maturity of original
sediments defines genetic variability in a variety of ways, the porosity and permeability
reduce with burial depth [39]. In addition, flow rate has a direct relationship to permeability
and porosity [40]. Mineral dissolution precipitation analysis suggests that the first phase
is the precipitation of the thermodynamically least stable polymorph in a disordered
(amorphous) form [41]. These chemical changes alter the petrophysical properties of
the rock (such as porosity and permeability), thereby changing the flow path and the
mechanical integrity of the system [42,43]. At present, researchers have made efforts to
understand pore blockage from reinjected water, but there is a lack of systematic research
on permeability changes concerning in situ geothermal fluids and rocks in the geothermal
reservoir under different conditions.

In this study, we obtained in situ geothermal water and sandstone cores from boreholes
in the Binzhou Geothermal Field in China. Different temperature and flow conditions
were set to obtain the permeability variation through geothermal fluid displacement of
core rocks. In addition, water–rock element migration analysis and water–rock interaction
simulations were used to investigate the causes of permeability and porosity variations. On
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this basis, we present suggestions to optimize the temperature and flow rate for reinjection
of geothermal fluids into sandstone geothermal reservoir.

2. Methods
2.1. Sample Preparation

The Neoproterozoic Guantao Formation is the main exploited geothermal reservoir in
the Binzhou Geothermal Field. The logging data of local geothermal boreholes show that
the temperatures of the geothermal water in the Guantao Formation geothermal reservoir
are usually less than 90 ◦C, the main water chemistry type is Na-Cl, and the total dissolved
solids (TDS) are 8–11 g/L [44]. The water sample used in this study was collected from
the geothermal borehole ZR1 in Binzhou (Figure 1a) with a TDS of 11 g/L. The outlet
water temperature was 52 ◦C. The geothermal water was heated in an incubator to 55 ◦C
(reservoir temperature, which was revealed by logging data from the borehole [44]), then
mixed evenly and distributed into 9 groups.
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Figure 1. Preparation of water and rock samples. (a) Geothermal fluid collected from the sandstone
geothermal reservoir; (b) Ground sandstone specimens filling stainless-steel pipes; (c) Stainless-
steel pipe ends are blocked with filtered cotton; (d) Sandstone samples and fluid samples after the
experiment for major elements and mineral analysis.

The representative core samples, weakly consolidated loose rock with bedding, were
taken from the sandstone reservoir in the same geothermal borehole at Binzhou at a depth
of 1153 m. The core was initially crushed with a grinder and then sifted with a 50-mesh
sieve. After mixing homogeneously, the core was divided into 9 parts and filled into a
6-cm-long stainless-steel tube (Figure 1b). To prevent fine grains of sand from entering
the conduit pipe and blocking the equipment, the ends of the stainless-steel pipe were
blocked with filtering cotton (Figure 1c), so that the fluid could pass while the grains of
sand could not.
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2.2. Experimental Design

Experiments were set up to analyze the change in core sample permeability under
different flow and temperature conditions, and nine groups were tested. The confining
pressure was set at 1–2 MPa above the displacement pressure. The detailed design is shown
in Table 1.

Table 1. Experimental design of variables for core sample displacement experiments.

Temperature (◦C) Flow Rate
(mL/min)

Length of Core Sample
(cm) Displacement Fluid

45 0.5 6 in situ geothermal fluid

45 1.0 6 in situ geothermal fluid

45 1.5 6 in situ geothermal fluid

55 0.5 6 in situ geothermal fluid

55 1.0 6 in situ geothermal fluid

55 1.5 6 in situ geothermal fluid

65 0.5 6 in situ geothermal fluid

65 1.0 6 in situ geothermal fluid

65 1.5 6 in situ geothermal fluid

We installed the core-filled stainless-steel pipe into the core holder and tightened the
screw knobs at both ends (inlet and outlet) to prevent leakage. The pure water was prepared
for loading in the confining pressure. The geothermal fluid was prepared to flow through
the core in the holder. A beaker and a balance were placed at the end of the water outlet to
measure the water quantity (Figure 2). We opened the displacement experiment software
and set the core-rock size, fluid viscosity, and density (Table 2). After starting, we observed
the pressure, flow rate, and permeability changes on the screen, and then stopped injecting
when the permeability stabilized (approximately 8 h). After the experiments, the core and
geothermal fluid samples were tested for principal elements and mineral compositions
(Figure 1d), which were used to analyze the water–rock interaction and element migration
during the displacement process. The geochemical and mineralogical results from the
initial geothermal fluids and cores refer to a separate paper [45].
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Table 2. Experimental program setting related parameters.

Parameter Value

core length (cm) 6

core diameter (cm) 1.6

fluid viscosity (mPa. s) 0.595

fluid density (g/cm3) 0.991

2.3. Major Elements and Mineral Analysis of Water and Ground Sandstone Specimens

The mineralogical composition and major element contents of the ground sandstone
specimens was determined by X-ray diffraction (XRD) and X-ray fluorescence spectroscopy
(XRF). XRD was carried out with a D/max-rA at the Beidazhihui Microstructure Analysis
and Testing Center in Beijing. The concentrations of the major cations in water were found
with an ICP-OES (iCAP 7200 Dui, ThermoFisher Scientific, Waltham, MA, USA). The anions
were determined using ion chromatography (ICS3000, ThermoFisher Scientific). XRF was
performed with an XRF-1500 to determine the whole-rock major element contents of the
ground sandstone specimens. The accuracy of the analytical method was better than 5% for
the elemental contents greater than 1 ppm. The analytical uncertainty was 10% for elements
with an abundance ≤10 ppm and approximately 5% for elements with an abundance
≥10 ppm.

2.4. Calculation of Mineral Volume and Porosity Changes

The specific mineral volume changes before and after the displacement experiments
were calculated using the following equation:

∆Vi =
∆Ai
Di

(1)

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

= ∑
Atotal × ∆Xi

Di
(2)

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

In the calculations, the total mass amount was set to 100 g. The percentage change
in the mineral mass can be obtained from the XRD measurements. The density data of
the minerals are referenced in the National Infrastructure of Mineral, Rock and Fossil for
Science and Technology (http://www.nimrf.net.cn, accessed on 14 September 2022).

The rock porosity changes before and after the displacement experiments are calculated
using the following equation:

∆∅ = −∑
∆Ai
Di
× (1−∅r)/

(
Atotal

Dr

)
(3)

where ∆∅ is the rock porosity change; ∅r is the rock porosity before the experiments,
29.58%; Dr is the rock density before the experiments, 1.88 g/cm3.

2.5. Inversion Simulation of Water-Rock Interaction

The geochemical compositions of water samples changed after the displacement
experiments [33]. Understanding how minerals are dissolved and precipitated is essential
for studying the blockage mechanism during reinjection. Therefore, simulating the water
chemistry processes that are inversely occurring is important in the experiments. In this

http://www.nimrf.net.cn
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study, USGS PHREEQC [46] was used to perform the calculations. PHREEQC is capable of
describing and inverting multiple geochemical processes in a one-dimensional groundwater
system, to derive the dissolution and precipitation of minerals and to provide dissolution
and precipitation amounts [46,47].

Since the water–rock interaction is susceptible to change due to multiple factors,
this results in multiple solutions for the simulation. This makes it a difficult task for
the researcher to find the most appropriate solution from the many simulation results,
which must, first, be in accordance with the thermodynamic principle [47], and second,
in accordance with chemical principles. For example, the hydrolysis reaction of feldspar
or mica is an unequal total dissolution reaction, which is irreversible [48]. Third, the
hydrogeological conditions should be matched, such as evaporation and dilution conditions,
cation exchange conditions, and redox conditions. Moreover, the order of magnitude of the
simulation results should be appropriate.

3. Results
3.1. Pressures Variation

The confining pressure, displacement pressure (inlet pressure), and outlet pressure
were recorded during the experiments. The confining pressure was greater than the dis-
placement pressure, which was greater than the outlet pressure. The range of displacement
pressure after stabilization was 5.6–8.05 MPa, the variation of displacement pressure be-
tween pre-reaction and stabilization was −0.01–1.13 MPa, and the pressure difference
between displacement pressure and outlet pressure after stabilization was −0.03–0.32 MPa.
The flow rate is not a unique factor affecting the displacement pressure, but the temperature
also exhibits a considerable influence on the displacement pressure. Under the same flow
rate, the stable displacement pressure showed a rough pattern of 45 ◦C > 55 ◦C > 65 ◦C
(Figure S1).

3.2. Mineral and Element Changes during the Displacement Process
3.2.1. Major Elements Composition in Water and Ground Sandstone Specimens

The main element contents of the geothermal water (Table 3) and ground sandstone
specimens (Table 4) and mineral composition of ground sandstone specimens (Table 5)
of the displacement experiments were found. The Yuan-1 (water) and the yuan (rock)
donated initial water and ground sandstone specimens before the experiments, respectively.
The pH of the water samples before and after the experiment were all greater than 7, and
the main element contents were Na, Cl, and SO4 (Table 3). Yuan-1 (water) exhibited the
maximum Na, HCO3, and SO4 content, and Yuan-1 (rock) exhibited the maximum Al, Ca,
and minimum Mg, Ti, Fe, and Cl content (Table 4).

Table 3. Contents of major elements in water before and after displacement experiments. a Referenced
in [45]; b 45—05 denotes 45 ◦C and 0.5 mL/min condition.

Sample ID Type pH
K Na Ca Mg Cl SO4 HCO3 Si

mg/L

yuan-1 (water) a Na-Cl-SO4 7.73 38.8 4030 351 70.1 4210 2720 139 21.88
45—0.5 b Na-Cl 7.89 29.8 2900 331 65.4 4670 1010 115 7.22

45—1 Na-Cl 7.44 30.8 3220 393 80.2 5290 1140 120 12.29
45—1.5 Na-Cl 7.48 29.8 3130 365 80.7 5100 1130 125 15.67
55—0.5 Na-Cl 7.45 28.8 2720 345 67.5 5340 1220 120 11.15
55—1 Na-Cl 7.3 35.1 3310 398 86.7 5340 1210 110 12.53

55—1.5 Na-Cl 7.24 29.5 3010 378 77.8 5360 1300 110 15.69
65—0.5 Na-Cl 7.26 31.5 2990 354 68.5 4980 1140 110 12.03
65—1 Na-Cl 7.18 26.6 2740 299 63.4 4890 1100 99 13.45

65—1.5 Na-Cl 7.17 27.1 2980 343 70.6 5410 1270 104 16.62
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Table 4. Contents of major elements in ground sandstone specimens before and after water–rock
interaction (in wt%). a Referenced in [45]; b 45—05 denotes 45 ◦C and 0.5 mL/min condition.

Sample ID Si Al Fe K Ca Mg Ti Na Cl

yuan-1 (rock) a 26.65 10.91 2.87 2.07 10.91 0.552 0.441 0.751 0.0895

45—0.5 b 26.43 7.43 5.31 2.66 1.21 0.835 0.633 0.769 0.608

45—1 28.48 7.69 5.15 2.73 1.19 0.876 0.589 0.8 0.377

45—1.5 29.35 7.26 4.62 2.81 0.999 0.81 0.56 0.782 0.273

55—0.5 29.07 7.4 4.72 2.7 1.1 0.832 0.585 0.762 0.382

55—1 28.46 7.48 4.98 2.55 1.21 0.835 0.61 0.71 0.39

55—1.5 27.98 7.56 5.03 2.6 1.24 0.886 0.595 0.692 0.409

65—0.5 26.59 7.1 5.51 2.88 1.12 0.763 0.581 0.845 0.44

65—1 26.87 7.22 5.52 2.83 1.22 0.759 0.639 0.778 0.337

65—1.5 26.35 7.36 5.27 2.3 1.23 0.807 0.625 0.669 0.248

Table 5. Mineral composition in ground sandstone specimens before and after displacement experi-
ment (in %). a Referenced in [45]; b 45—05 denotes 45 ◦C and 0.5 mL/min condition.

Sample ID Quartz Albite Microcline Montmorillonite Calcite Muscovite

yuan-1 (rock) a 0.66 0.11 0.07 0 0.1 0.06

45—0.5 b 0.41 0.21 0.23 0.15 0 0

45—1 0.55 0.18 0.09 0.18 0 0

45—1.5 0.46 0.25 0.09 0.2 0 0

55—0.5 0.55 0.18 0.09 0.18 0 0

55—1 0.46 0.3 0.05 0.19 0 0

55—1.5 0.53 0.17 0.08 0.22 0 0

65—0.5 0.54 0.17 0.07 0.22 0 0

65—1 0.57 0.16 0.07 0.2 0 0

65—1.5 0.54 0.19 0.08 0.19 0 0

3.2.2. Mineral Composition Changes of Ground Sandstone Specimens

Concerning the mineral composition, the original rock before the experiment contained
the maximum quartz content but without montmorillonite, while the ground sandstone
specimens after the experiment did not contain calcite and muscovite, but montmorillonite
was produced at different temperatures and flow conditions (Table 5). The montmorillonite
content formed at different temperatures and flow rates ranged from 15–22%, showing
an approximate trend of increasing montmorillonite content with increasing temperature
(Figure 3; Table 5). Under the same temperature conditions, both at 45 ◦C and 55 ◦C,
showed an increase in montmorillonite content with increasing flow rate, while 65 ◦C
showed a decrease in montmorillonite content with increasing flow rate.

The formation of montmorillonite is probably due to the alteration of albite during the
experiment, and the chemical reaction formula is presumed to be as follows:

Albite + H2O + Ca + H + Mg→ (K, Na) + SiO2 + Montmorillonite (4)

Since the conversion of albite to montmorillonite requires the removal of SiO2 and the
quartz content is reduced compared to the rock before the displacement, we presume that
SiO2 is dissolved from the rock into the water.
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3.3. Permeability and Porosity Changes during the Displacement Process
3.3.1. Permeability Changes

Under different flow rate and temperature conditions, compared with the original
rock permeability, there are different degrees of permeability reduction (Figure S1). The
sandstone samples exhibit the characteristics of being influenced by the flow rate, with
both the initial permeability and the post-experimental permeability increasing with the
flow rate, and the increase in permeability being essentially consistent with the increase in
flow rate. A flow rate of 1.5 mL/min is 2.7–3.5 times more permeable than a flow rate of
0.5 mL/min at the same temperature, while the change in permeability at the same flow
rate is relatively small.

From the displacement pressure change (∆P) between the initial pressure of the ex-
periments and the stable pressure at the end of the experiments (Figure S2), the trend
of increasing displacement pressures are shown during the experiments under different
conditions. The displacement process showed a minimal effect on low flow rate conditions
at 55 ◦C and a maximal effect on high flow rate conditions at 45 ◦C. The general effect under
low flow rate conditions was less than under high flow conditions, indicating that the in-
crease in flow rate significantly increased the ∆P, and the ∆P under temperature conditions
similar to the reservoir temperature was relatively small. The high temperature and low
flow rate conditions exhibited a minimal displacement pressure and also a relatively minor
∆P, which seems to indicate less damage to the reservoir. However, the low temperature
and high flow rate conditions displayed higher displacement pressure and ∆P increase
(Figure S2).

From the 9 sets of controlled experiments, the flow rate was the main factor controlling
the permeability, while the effect of temperature was relatively slight, and high flow rate
exhibited a relatively large permeability. The experiments showed that the permeability
variation exhibited the minimum variation value at 45 ◦C and 1.0 mL/min (Figure 4a) and
the maximum permeability variation value at higher temperature and higher flow rate,
indicating that passing the sandstone samples at 1.0 mL/min at 45 ◦C showed a minimal
effect on the permeability. The percentage changes relative to the initial permeability varied
from 1.6 to 24% under different conditions (Figure 4b). Especially at 45 ◦C, the effect on
permeability decreased rapidly with the increase in flow rate and reached a minimum
around 1.0 mL/min.



Water 2022, 14, 3131 9 of 18

Water 2022, 14, x FOR PEER REVIEW  9  of  19 
 

 

permeability variation exhibited the minimum variation value at 45 °C and 1.0 mL/min 

(Figure 4a) and  the maximum permeability variation value at higher  temperature and 

higher flow rate,  indicating that passing the sandstone samples at 1.0 mL/min at 45 °C 

showed a minimal effect on the permeability. The percentage changes relative to the initial 

permeability varied from 1.6 to 24% under different conditions (Figure 4b). Especially at 

45  °C,  the effect on permeability decreased  rapidly with  the  increase  in  flow  rate and 

reached a minimum around 1.0 mL/min. 

 

Figure 4. Contour plot of permeability variation for different temperatures and flow conditions. (a) 

Contour of permeability change values; (b) Percentage change in permeability after the experiment 

compared  to  the  initial permeability. Note  that  all  contour plots  in  this  study  are drawn using 

OriginPro 2022b and  interpolated using  the default algorithm, copyright © 1991–2022 OriginLab 

Corporation. 

3.3.2. Porosity Changes 

The results show that the volume change of the individual mineral after the experi‐

ment at different temperature and flow rate conditions varied. The total volume change 

of minerals was basically concentrated in the range of 1.001~1.236 cm3/100 g (Table 6). The 

porosity decreased under different temperature and flow rate conditions, mainly concen‐

trated in the range of −1.34 to −1.63%. 

Table 6. Mineral volume and porosity change under different conditions. a. Referenced in the Na‐

tional  Infrastructure  of  Mineral,  Rock  and  Fossil  for  Science  and  Technology 

(http://www.nimrf.net.cn, accessed on 14 September 2022). a 45–05 denotes 45 °C and 0.5 mL/min 

condition. 

Sample 

ID 

Mineral Volume Change (cm3/100 g)  Total Vol‐

ume Change 

(cm3/100 g) 

Porosity 

Change 

(%) 
Quartz  Albite  Microcline  Muscovite 

Montmorillo‐

nite 
Calcite 

45–0.5 a  −9.43    3.724  6.178  −2.151  −3.690  6.383  1.01  4.52   

45–1  −4.151  2.607  0.772  −2.151  −3.690  7.660  1.047  4.69   

45–1.5  −7.547  5.214  0.772  −2.151  −3.690  8.511  1.109  4.96   

55–0.5  −4.151  2.607  0.772  −2.151  −3.690  7.660  1.047  4.69   

55–1  −7.547  7.076  −0.772  −2.151  −3.690  8.085  1.001  4.48   

55–1.5  −4.906  2.235  0.386  −2.151  −3.690  9.362  1.236  5.53   

65–0.5  −4.528  2.235  0  −2.151  −3.690  9.362  1.228  5.50   

65–1  −3.396  1.862  0  −2.151  −3.690  8.511  1.136  5.08   

65–1.5  −4.528  2.98  0.386  −2.151  −3.690  8.085  1.082  4.84   

Figure 4. Contour plot of permeability variation for different temperatures and flow conditions.
(a) Contour of permeability change values; (b) Percentage change in permeability after the experiment
compared to the initial permeability. Note that all contour plots in this study are drawn using OriginPro
2022b and interpolated using the default algorithm, copyright © 1991–2022 OriginLab Corporation.

3.3.2. Porosity Changes

The results show that the volume change of the individual mineral after the experiment
at different temperature and flow rate conditions varied. The total volume change of miner-
als was basically concentrated in the range of 1.001~1.236 cm3/100 g (Table 6). The porosity
decreased under different temperature and flow rate conditions, mainly concentrated in
the range of −1.34 to −1.63%.

Table 6. Mineral volume and porosity change under different conditions. a. Referenced in the
National Infrastructure of Mineral, Rock and Fossil for Science and Technology (http://www.nimrf.
net.cn, accessed on 14 September 2022). a 45—05 denotes 45 ◦C and 0.5 mL/min condition.

Sample
ID

Mineral Volume Change (cm3/100 g)
Total Volume

Change
(cm3/100 g)

Porosity
Change

(%)
Quartz Albite Microcline Muscovite Montmorillonite Calcite

45—0.5 a −9.43 3.724 6.178 −2.151 −3.690 6.383 1.01 4.52

45—1 −4.151 2.607 0.772 −2.151 −3.690 7.660 1.047 4.69

45—1.5 −7.547 5.214 0.772 −2.151 −3.690 8.511 1.109 4.96

55—0.5 −4.151 2.607 0.772 −2.151 −3.690 7.660 1.047 4.69

55—1 −7.547 7.076 −0.772 −2.151 −3.690 8.085 1.001 4.48

55—1.5 −4.906 2.235 0.386 −2.151 −3.690 9.362 1.236 5.53

65—0.5 −4.528 2.235 0 −2.151 −3.690 9.362 1.228 5.50

65—1 −3.396 1.862 0 −2.151 −3.690 8.511 1.136 5.08

65—1.5 −4.528 2.98 0.386 −2.151 −3.690 8.085 1.082 4.84

Density a 2.65
g/cm3

average 2.685
g/cm3

average
2.59 g/cm3

average
2.79 g/cm3

average 2.35
g/cm3

2.71
g/cm3 - -

The volume variation of the minerals composing the rock is closely related to the
porosity, meanwhile the characteristics of the volume variation of single minerals can also
be identified [49]. The total volume change of minerals varied significantly for different
temperature and flow conditions, but all were greater than 1% (Table 6). Low temperature
with low flow rate conditions caused a relatively minor change in the total volume of
minerals, while high temperature or high flow rates led to an increase in the total volume of
minerals. In general, there is an increasing trend in the total volume variation of minerals

http://www.nimrf.net.cn
http://www.nimrf.net.cn
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with increasing temperature. The maximum total volume change of 1.236% was achieved
at 55 ◦C and 1.5 mL/min flow rate, while the minimum total volume change of 1.001% was
achieved at 1.0 mL/min flow rate.

Although the total volume change was minimal at 55 ◦C and 1.0 mL/min flow rate
conditions, the volume changes of individual minerals varied significantly. For exam-
ple, the volume increase in montmorillonite and albite reached 8.085% and 7.076%, the
corresponding volume change of quartz was −7.547%, and muscovite and calcite also
showed different degrees of volume reduction (Figure S3). Considering the characteristics
of the permeability change, we demonstrate that the minimal total volume change does not
represent the maximal permeability, which is probably caused by the newly generated min-
erals blocking the pore space and reducing the permeability. In general, quartz and albite
decreased in volume (except for the increase in volume of albite at 55 ◦C and 1.0 mL/min),
and the volume changes were negatively correlated under different temperature and flow
rate conditions, which may indicate a negative correlation between quartz and albite in the
process of water–rock displacement. In addition, microcline and montmorillonite generally
show volume increases.

The porosity showed the smallest reduction, under 55 ◦C—1.0 mL/min and
45 ◦C—0.5 mL/min conditions (Figure 5a), while the porosity decreased more under high
temperature conditions. Therefore, medium to low temperature and flow rate conditions
are likely to have a better reinjection effect.
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By calculating the difference between the stabilized displacement pressure and the
outlet pressure, the differential pressure (Pin-Pout) between the inlet and outlet of the
displacement experiment can be obtained. Considering the porosity variation under
temperature and differential pressure conditions (Figure 5b), the effect of differential
pressure on porosity variation is higher than that of temperature. The special phenomenon
is that at 55 ◦C, there is a significant contrast in porosity change near the differential
pressure of 0.9 MPa, which shows the minimum porosity change below 0.9 MPa and the
maximum porosity change above 0.9 MPa. The porosity variation tends to decrease with
increasing differential pressure.

3.4. Water–Rock Interaction Simulation

The selection of mineral phases is an essential aspect of the inversion simulation, and
the difference in chemical composition between the water samples after the experiment and
the initial water shows that Na, Cl, and SO4 are the three most variable ions (Table 3). In this
simulation, halite was used to reflect the precipitation dissolution of Na and Cl. Gypsum
was used as a typical sulfate mineral to reflect changes in SO4. Montmorillonite was the
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product of the hydrolysis reaction of feldspar under alkaline conditions [50,51], and all the
water samples in this experiment were weakly alkaline, thus, montmorillonite could be
used to reflect the changes of Ca and Si. Quartz, albite, and calcite were critical components
of the ground sandstone specimens in this experiment (Table 5; Figure 3). Therefore, albite
and quartz were used to reflect the variation of silicate minerals, and calcite was used to
reflect the variation of carbonate minerals. The reaction equation for each mineral is as
follows:

Halite: NaCl = Cl− + Na+

Gypsum: CaSO4·2H2O = Ca2+ + SO2−
4 + 2H2O

Calcite: CaCO3 = CO2−
3 + Ca2+

Albite: NaAlSi3O8 + 8H2O = Na+ + Al
(
OH)−4 + 3H4SiO4

Quartz: SiO2 + 2H2O = H4SiO4

Ca-montmorillonite: Ca0.165Al2.33Si3.67O10(OH)2 + 12H2O = 0.165Ca2+ + 2.33 Al
(
OH)−4 +

3.67H4SiO4 + 2H+

For our replacement experiment, a total of nine sets of inversion simulations were
required to represent the variability of the minerals at different temperatures and flow rates.
Taking the 65 ◦C—0.5 mL/min group as an example, the results of the inverse simulation
showed a total of 20 dissolved precipitation schemes (see Table S2). Among them, Scheme
15 coincided with the measured XRD results (Table 5), thus, we chose Scheme 15 as the
most appropriate inversion result for the 65 ◦C—0.5 mL/min group. The simulation and
selection procedures are the same for the remaining groups, and the results of the inversion
simulations for each group are shown in Table S3.

Note that the simulation results show that calcite was also the dominant precipitating
mineral (Table S3, Figure 6), but possibly because the precipitated calcite did not enter the
mineral, making it less abundant in the mineral than could be detected by XRD. In addition,
the minimal amount of chemical precipitation was observed at 55 ◦C, which is consistent
with the previous results of the highest element content at 55 ◦C (Table 3, Figure 6).
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4. Discussion
4.1. Analysis of the Causes of Permeability and Porosity Changes
4.1.1. Hydrochemistry Characteristics

The hydrochemical compositions of 9 sets of samples are shown in Table 3. The
hydrochemical types after the experiments were all the Na-Cl type, while the initial water
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samples were the Na-Cl-SO4 type (Figure 7). After the displacement, the anions of the
water moved towards Cl. This could be due to the precipitation of SO4 in the water caused
by an increase in temperature or a change in flow rate or the dissolution of Cl-rich minerals,
resulting in an increase in the water’s Cl content.
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After the displacement experiment, the ionic composition of the water sample changed.
By analyzing the major element changes in water samples of the initial and after displace-
ment, the contents of Ca, Mg, and Si increased gradually with the increase in temperature
under the same flow rate with different temperature conditions (Table 3; Table S1). Note
that, except for the K, which remained approximately unchanged, the content of other
ions gradually increased from 45 ◦C to 55 ◦C but gradually decreased beyond 55 ◦C. The
reason is probably because the minerals were dissolved at 45–55 ◦C, and therefore, the ions
moved into the water. Under the condition of 55~65 ◦C, partial precipitation of ions in the
water occurred.

4.1.2. Comparison of Major Elements in Water Samples under Different Temperature and
Flow Rate Conditions

The higher Fe content in water under low temperature and low flow rate conditions
indicates that water under these conditions may have obtained relatively more Fe from
the rocks (Figure 8). The higher K, Ca, Na, and Mg content in water at low to medium
temperatures and medium to high flow rates conditions indicates that more minerals
may be dissolved in water at higher temperatures and flow rates, resulting in increased
ion content. This is also supported by the increase in TDS (Figure 8; Table 3). HCO3 is
enriched in water under low temperature conditions, probably because calcite shows higher
solubility at low temperatures. H4SiO4 exhibits enrichment at high flow rates and exhibits a
moderate tendency to increase in content with increasing temperature, presumably related
to the solubility of quartz. The mineralogical compositions of our experiments have shown
that sulfides such as gypsum are not present in the core rock, so the enrichment of SO4 is
presumed to be caused by the partial adsorption of SO4 from water by the core.
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4.1.3. Comparison of Major Elements in Ground Sandstone Specimens under Different
Temperature and Flow Rate Conditions

The enrichment of Cl bearing minerals occurs in rocks under low temperature and
low flow conditions (Figure 9), corresponding to the low Cl content in water under these
conditions. Mg and Al shows enrichment at low temperatures with medium flow rates and
medium temperatures with high flow rates, which may indicate the precipitation correlation
of Mg and Al elements. Na and K show enrichment at low temperature and high flow
rate, complementing the ion enrichment trend in geothermal fluids, while Ca, Ti, and Fe
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show enrichment under low temperature-low flow rate and high temperature-high flow
rate conditions (Figure 9) and exhibit similar enrichment characteristics of the elements.
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4.1.4. Comparison of the Major Elemental Composition between Water and Ground
Sandstone Specimens

Comparing the major elemental compositions in water and ground sandstone spec-
imens under different temperature and flow rate conditions (Figures 8 and 9), Mg, Na,
and K exhibited more obvious water–rock complementary characteristics. Ca appeared to
be enriched in fluids at low and medium temperatures and in rocks at high and medium
temperatures. Si did not exhibit water–rock complementary characteristics but rather
exhibited characteristics that were flow rate controlled in water and temperature controlled
in ground sandstone specimens. In addition, Fe content in water is low and generally
decreases under different temperature and flow rate conditions compared to the initial
geothermal fluid, indicating that Fe is adsorbed by the rock. Correspondingly, Fe content
in the ground sandstone specimens generally increased. This was more pronounced in
high-temperature conditions, and it was speculated that high temperatures may have
facilitated the precipitation of Fe from the fluid into the rock.
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4.1.5. Possible Reasons for Permeability and Porosity Changes

A comparison before and after the experiment showed that the reduction in permeabil-
ity reached 1.6~24%, while the reduction in porosity was only 4.48~5.53% (Figures 4 and 5).
This indicates that the permeability decreases significantly during displacement, while the
porosity is slightly decreased. The reason for this phenomenon may be the deformation of
the rock structure, which causes a decrease in permeability through intergranular migra-
tion [7,15]. The slight decrease in porosity may be caused by minor deformations due to the
collisions of mineral particles or by changes in mineral volume due to mineral dissolution
and precipitation. Considering that the porosity of the original rock reached 29.58%, it is
difficult to deform the particles by collision and extrusion under the test pressure condition;
therefore, we think the reduction in porosity is caused by chemical dissolution precipitation.
Considering that the porosity of the original rock reached 29.58%, which means relatively
adequate space for compression, it is difficult for particle collision and extrusion deform to
occur under displacement pressure conditions. Therefore, the reduction in porosity that we
propose is due to chemical dissolution precipitation.

From the above analysis, we speculate that the reason for the changes in permeability
and porosity are mainly due to the precipitation of quartz and the conversion of albite to
montmorillonite. The total volume of minerals showed an increase, although the volume
of individual minerals changed under different temperature and flow rate conditions. The
possible reason for the decrease in the permeability and porosity, on the one hand, is that
the precipitated quartz and montmorillonite occupy a certain pore volume. On the other
hand, the mineral particles could migrate, or new minerals could block the pore throat
during the displacement process [15,28].

4.2. Implications for Sandstone Reinjection Blockage Reduction

Because of the complexities of natural geological conditions, the characteristics of
geothermal fields are not uniform [52,53]. The “optimal” reinjection water might be com-
plicated to find [54]. Experiments on sandstone replacement through the reinjection of
geothermal fluid are the result of a combination of chemical and physical blockages. In
this study, we provide references to blockage reduction in sandstone reinjection from the
integrated blockage perspective. Previous experiments on sandstone geothermal reservoir
reinjection suggested that the reinjection effect of a low temperature water source is theoret-
ically better than that of a high temperature [55], and the total precipitation increased with
increasing temperature [13]. The replacement experiments indicate that higher temperature
and flow rate conditions may have dissolved more minerals into the water, causing an
increase in the water element content.

The rock permeability displayed minimal changes at 45 ◦C—1 mL/min and the rock
porosity exhibited minimal changes at 45 ◦C and 55 ◦C with low to medium flow rates
(or low to medium differential pressure), indicating that the reinjection of geothermal
fluid displayed a minimal influence on the sandstone geothermal reservoir under such
conditions. Therefore, combined with the variation in permeability and porosity, we
believe that reinjection at low temperatures with medium flow rates may have a better
effect. For the Binzhou sandstone geothermal reservoir with a reservoir temperature of
55 ◦C, a reinjection fluid at 45 ◦C with a low to medium flow rate exhibits a better reduction
in blockage. In summary, from the laboratory studies, we recommended lowering or
maintaining the temperature of the reinjection fluid below the reservoir temperature before
reinjection, and at low to moderate flow rate conditions.

Notably, the present study was conducted in the laboratory and on ground sandstone
specimens. However, the inferences drawn are believed to extend to the real situation
concerning sandstone geothermal reservoirs.
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5. Conclusions

We have conducted experiments on the reinjection of geothermal water through
sandstone at 45 ◦C, 55 ◦C, and 65 ◦C and 0.5 mL/min, 1 mL/min, 1.5 mL/min, and
obtained the following main conclusions:

• The high temperature with low flow rate exhibited the minimum displacement pres-
sure. Flow rate is the main factor controlling permeability, while temperature has
a relatively minor effect. Displacement at 45 ◦C—1.0 mL/min showed a minimal
influence on permeability. Furthermore, 55 ◦C—1.0 mL/min and 45 ◦C—0.5 mL/min
conditions showed a minimal amount of porosity decrease.

• During the experiments, quartz precipitated, albite and microcline dissolved, and
montmorillonite was newly formed. A high temperature or high flow rate both led to
an increase in the total volume change of minerals.

• The inversion simulation shows that albite is the main dissolved mineral and quartz,
montmorillonite, and calcite are the main precipitated minerals. The injection process
of geothermal fluids at 55 ◦C may have dissolved more minerals. However, the
permeability reduction at 55 ◦C is greater than that at 45 ◦C. Therefore, the integrated
blockage leading to permeability reduction contains multiple causes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14193131/s1, Figure S1: Displacement pressure at different
temperature and flow rate conditions; Figure S2: Contour plots of initial pressure and the stable
pressure at the end of the experiment difference (∆P) under different temperature and flow rate
conditions; Figure S3: Individual mineral volume changes under different temperature and flow rate
conditions; Table S1: Changes of major ions in water before and after the displacement experiments;
Table S2: Scheme for simulating dissolution and precipitation for the 65 ◦C—0.5 mL/min group;
Table S3: Simulated precipitation and dissolution of minerals after displacement.
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