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Abstract

Mine water treatment and emissions have become important factors that restrict the com-
prehensive benefits of coal enterprises and local economic development, and the use of
the deep well recharge method can address the specific conditions of mine surge water.
This paper takes the actual situation of coal mine water treatment as an example and
innovatively carries out dynamic tests for the Ordovician limestone aquifers deep in the
mine. Intermittent reinjection test shows that under the same reinjection time, the water
level recovery rate during the intermittent period is fast at first and then slow. Moreover,
the recovery speed of the water level buried depth slows down with the increase in the
reinjection time, which reveals the characteristics of the water level rising rapidly and
recovering quickly during the reinjection of the reservoir. The average formation water
absorption index is 420.81 m3/h·MPa. The water level buried depth of the long-term rein-
jection test showed three stages (rapid rise, slow rise, and stable stages), and the water level
buried depth was raised to 1.52 m at its highest. Monitoring data from the surrounding
5 km area showed that reinjection did not affect aquifer water levels, verifying the excellent
storage capacity of the deep Ordovician fissure-karst aquifer. The variability of well loss
under pumping and injection conditions was comparatively analyzed, and the well loss
produced by the recharge test was 4.06 times higher than that of the pumping test, which
provided theoretical support for the calculation of hydrogeological parameters to eliminate
the influence of well loss. This study deepens the understanding of Ordovician limestone
aquifers in deep mine water, providing a reference for cheap mine water treatment and
sustainable groundwater management in similar mine areas.

Keywords: mine water treatment; deep well reinjection; Ordovician limestone aquifer;
storage capacity; water table depth; well loss
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1. Introduction
Coal constitutes the dominant energy source for societal and industrial activities. Espe-

cially in China, the growing scale of mine exploitation has led to progressively severe mine
water management-related challenges [1–4]. Mine water, a byproduct of coal extraction,
accumulates during mining operations. Statistics indicate that approximately 2 tons of
mine water are generated per ton of coal extracted in China [5]. While mine water dewa-
tering guarantees operational safety, it escalates expenditures for both water treatment
and regulatory-compliant discharge, creating substantial economic pressures for mining
companies [6–10]. Building on international advances in deep geological sequestration,
deep mine water reinjection has emerged as a novel solution [11]. This method offers
cost-effectiveness compared to high-salinity water treatment, operational feasibility, and
reduced environmental impacts. It also supports sustainable coal–water resource man-
agement by enabling coordinated extraction of both resources. This “relocation-storage”
technique involves injecting pretreated mine water into deep aquifers through surface or
underground boreholes [5,12].

Numerous countries, including the United States, Australia, Japan, Spain, Germany,
Finland, and other European nations, have developed mature groundwater recharge tech-
nologies through extensive practical applications. The United States operates approximately
144,000 Class II injection wells, primarily concentrated in Texas, California, Kansas, and
Oklahoma. These facilities serve multiple purposes: 80% enhance oil recovery, 20% manage
saline wastewater from hydrocarbon production, while others utilize underground salt
formations for strategic petroleum reserves [13]. In Western Australia’s Pilbara iron ore
region, Fortescue Metals Group employs integrated mine drainage, water treatment, and
groundwater recharge systems to prevent saltwater intrusion and regulate brackish water
boundaries near mining sites [14]. Researchers led by Baquero implemented a closed-loop
pumping-recharge system at the Cobre Las Cruces open-pit copper mine in Seville, Spain,
using strategically placed injection and extraction wells to sustainably address local drink-
ing water supply challenges [15]. The groundwater recharge initiatives investigated in
these studies predominantly involve metal mines; the German case centers solely on eco-
logical replenishment of shallow groundwater. Studies on deep reservoir recharge utilizing
unconventional water resources—including urban stormwater, coal mine drainage, or recy-
cled water—remain comparatively limited. Common research on groundwater recharge
mainly focuses on hydrocarbon recovery enhancement, geothermal wastewater reinjec-
tion, treated water reuse, land subsidence mitigation, coastal aquifer protection, coalbed
methane development, and CO2 sequestration [16–21]. This presents a marked contrast to
coal mine water recharge practices. Shallow-level recharge initiatives are predominantly
implemented to mitigate land subsidence and replenish aquifers [22,23]; whereas deep-
level groundwater systems are chiefly employed to optimize the extraction of associated
geothermal and hydrocarbon resources [24,25]. China has made significant advancements
in several domains, including geothermal system recharge, urban wastewater recycling,
and underground reservoir management [26–29].

Aquifers inherently form a groundwater equilibrium system integrating physical,
chemical, and biological processes [30]. The affinity theory concerning artificially recharged
water and native groundwater in aquifers was first proposed by the French scientist Élie de
Beaumont. This theory holds that recharge water and formation water possess favorable
chemical affinity when sharing comparable geochemical compositions and concentrations
of soluble salts. Artificial recharge exerts multifaceted influences on the groundwater
environment. Beneficial effects encompass: alleviating groundwater overdraft, controlling
land subsidence, preventing seawater intrusion, and enhancing groundwater quality. Ad-
verse effects include risks of water quality deterioration, chiefly characterized by microbial
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contamination, chemical pollution (eutrophication and organic compounds), mineral disso-
lution/precipitation induced by water–rock interactions (e.g., calcite, gypsum, dolomite),
and modifications to redox conditions. Alterations in these parameters commonly pose the
latent risk of clogging within the reservoir media [31–33]. Injecting coal mine wastewater
into aquifers remains uncommon globally. Early Chinese research in this field includes the
Wutongzhuang Mine project in Hebei Province, where an underground reservoir system
was developed to redirect mine water into Ordovician limestone aquifers [11]. Other studies
have explored the feasibility of deep injection and containment in sandstone aquifers within
Ordos Basin formations like Baotashan and Liujiagou, though primarily at experimental
scales [5,12]. Consequently, practical implementations of mine water injection in coal
mining operations remain limited, with particularly scarce documentation on deep-well
injection projects targeting Ordovician limestone formations. The distinctive geological
composition and geochemical properties of Ordovician limestone aquifers make them
particularly significant for subsurface injection studies as their unique hydrogeological
behavior under mine water infiltration requires a thorough investigation.

The water storage capacity estimate or groundwater resource evaluation of aquifers is
usually based on the pumping test data to determine the hydrogeological parameters of
the aquifer, such as permeability coefficient, water conduction coefficient, water storage
coefficient, water supply degree, etc. [34–37]. Whether the hydrogeological parameters are
determined reasonably directly affects the credibility of the final result and, thus, affects the
scientific nature of a reservoir evaluation. High uncertainties are inherent in information re-
garding aquifer systems, their geological settings, structures, and subsequent modeling [38].
In a notable real-world case study of an aquifer system in the Province of Lecco, northern
Italy, Schiavo employed the Monte Carlo method. This application provided valuable
insights into the convergence of Monte Carlo simulations and their impacts on boundary
conditions, overall model performance, and local simulated hydraulic heads [39]. Moreover,
to ensure optimal groundwater extraction strategies, Bianchi Janetti et al. constructed a
comprehensive framework. This framework delved into the influences of model parameter
uncertainties and conceptual model uncertainties on the overall probability assessment of
system failures resulting from different groundwater extraction strategies [40]. In order
to make the calculation results closer to reality in parameter calculations, well loss is a
problem that cannot be ignored. Therefore, by combining the observation data of the
pumping test and the reinjection test, using the actual results, different methods are used
to determine the pumping and reinjection well losses, which can more accurately reflect
the dynamic characteristics of the reservoir groundwater, providing an accurate basis for
subsequent calculations.

Consequently, this study focuses on employing the Ordovician limestone aquifer in
southwest Shandong Province, China, as a reinjection reservoir for mine water, with the
objective of systematically investigating the response mechanisms of deep mine water
reinjection. Through field experiments comparing intermittent and sustained recharge
strategies, we analyze aquifer water level fluctuations, permeability dynamics, and storage
capacity under varying operational conditions. The findings identify optimal recharge
potential in Ordovician limestone aquifers within North China’s coal mining regions. This
research advances the scientific framework for deep mine water reinjection while providing
critical insights for sustainable aquifer management, ultimately supporting ecological
preservation and long-term water resource security in mining areas.
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2. Description of Study Area
2.1. Geographical Location

The study area is situated in northeastern Yuncheng County, Heze City, Shandong
Province (Figure 1a). Characterized by a temperate monsoonal continental climate, the
region receives an average annual precipitation of 694.7 mm. The coal field features a
monoclinal structure trending approximately north–south with an eastward dip. Located
at the northern extremity of the Juye Coalfield, this fully concealed deposit is overlain
by Quaternary strata and represents a typical North China Carboniferous–Permian coal-
bearing sequence. Geological cross-sections (Figure 1b) reveal three target coal seams within
the Taiyuan and Shanxi Formations, underlain by Ordovician limestone and overlain by
Permian Shihezi Group, Jurassic Zibo Group, Paleogene, Neogene, and Quaternary strata.

 

Figure 1. (a) The location map of the study area; (b) the stratigraphic profile of the study area.

The well completion technology used in the field work is directional drilling (non-
radial). The reinjection well was constructed to an actual depth of 2020.11 m, with 437.84 m
vertical penetration into the Ordovician limestone aquifer [41]. The drilling process com-
prised three phases: Primary drilling: A Φ444.5 mm tri-cone bit was employed for initial
penetration using a tower-type drill string assembly. The weight indicator was carefully
calibrated, and the square drill pipe was realigned every 2–3 m of penetration to ensure
vertical alignment of the surface casing. Drilling parameters were maintained at 10–80 kN
weight on bit (WOB) to control the well deviation while optimizing the penetration rate.
The 567.00 m conductor casing was cemented to the surface using the inner string method,
effectively isolating Quaternary and Neogene formations. Secondary drilling: Advanced
to 1410.00 m depth, exposing 12.00 m of Ordovician limestone. An 877.6 m technical
casing string was installed to secure this section. Tertiary drilling: Conducted directional
drilling with a Φ216 mm PDC bit through the target aquifer. The completed screen as-
sembly consisted of a 114.43 m blank casing and 509.48 m filter screen (total 623.91 m
production string).
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2.2. Characteristics of Mine Water Quality

A large amount of mine water is generated during the production processes of the
coal mine, which is also a characteristic of the large amount of water inflow in the North
China mining area. These mine waters mainly come from the top and bottom plates of
the No. 3 coal seam being mined, including Permian Shihezi sandstone water, Carbonif-
erous sandstone water, and limestone aquifer water. The average annual water inflow is
902 m3/h, the maximum water inflow is 1960 m3/h, and its mineralization degree reaches
2945.55 mg/L. Sulfate in the mine water is as high as 1520.96 mg/L, and the sodium ions
can reach 855.54 mg/L. If the mine water with high mineralization is discharged directly
into the environment, it will cause problems such as surface water pollution (increased
salt content), soil salinization, reduced surface vegetation, shallow groundwater pollution,
etc., which will bring certain harm to the ecological environment. In China, under normal
circumstances, coal mines will discharge this mine water after meeting the standards, but
the desalination treatment cost per ton of water for high-mineralization mines is about
CNY 20 to 30, which is relatively high in operating costs [5]. In addition, the invest-
ment in the construction of water treatment plants is huge, reaching hundreds of millions
of CNY. Therefore, strategic recharge of treated mine water into Ordovician limestone
aquifers offers dual benefits: sustainable groundwater replenishment and alignment with
integrated coal–water resource management principles, supporting water-preserved coal
extraction practices.

2.3. Feasibility Analysis of Reinjection in Ordovician Limestone

The coal-based Ordovician limestone aquifer in the study area is the target layer
for this deep reinjection storage. The feasibility of the on-site test is mainly considered
from the aspects of water quality and water storage space [11]. In combination with the
requirements for water quality before the reinjection of mine water, the primary condition
should ensure that the water quality of mine water is generally better than the water quality
of the reinjection reservoir and does not introduce pollutants. On the other hand, water
storage space screening is usually an important condition for the successful application of
mine water back-storage technology. Three essential criteria guide this selection process:

(i) Adequate storage capacity: sufficient thickness, porosity, and permeability to ensure
sustainable recharge rates and effective hydraulic connectivity;

(ii) Confining layer integrity: impermeable strata above and below the reservoir to
prevent cross-layer contamination and mitigate hydrogeological risks;

(iii) Seismic stability: low probability of natural seismic activity to ensure long-term
reservoir integrity.

2.3.1. Water Quality Suitability Analysis

Regional groundwater recharge originates from precipitation infiltration in the
Liangshan-Jiaxiang bedrock mountains, circulating deeply through conductive faults to
replenish the karst aquifer (Figure 1b). Groundwater flows northeast to southwest, with
prolonged rock–water interactions during recharge–transport–discharge cycles, elevating
ionic concentrations. Total dissolved solids (TDS) range from 2037.77 to 4112.61 mg/L,
reaching 3499.9 mg/L at injection wells. Dominant cations (Ca2+, Na+) and anions
(SO4

2− > Cl− > HCO3
−) classify the water as SO4-Cl-Ca-Na type.

To assess hydrogeochemical compatibility for artificial reinjection, a comprehensive
hydrochemical survey was conducted, comprising 81 mine water specimens and 26 ground-
water samples from Ordovician limestone aquifers within the study domain. Hydro-
chemical characterization (Table 1) reveals that Ordovician aquifer groundwater exhibits
SO4

2−-Ca2+·Na+ facies, demonstrating mean ionic concentrations of 171.6 mg/L Na+,
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178.3 mg/L HCO3
−, and total dissolved solids (TDS) of 3323 mg/L. Mine drainage wa-

ters are classified as SO4
2−-Na+ type, characterized by elevated mean concentrations of

822.5 mg/L Na+ and 411.9 mg/L HCO3
−, with TDS averaging 2747 mg/L. Comparative

analysis shows that the Na+ and HCO3
− in the mine water are higher than the Ordovi-

cian groundwater quality index and are better than the Ordovician groundwater after
proper treatment, meeting the basic standards of sustainable reinjection, and will not cause
geochemical incompatible reactions.

Table 1. Statistical results of mine water and Ordovician groundwater quality.

Hydrochemical Facies K+ + Na+ Ca2+ Mg2+ Cl− SO42− HCO3− TDS pH

Mine water
Max 1072.3 145.7 38.8 639.2 1924.3 1054.6 3664.3 9.4
Min 375.0 4.5 0.5 83.1 201.3 39.2 1743.5 7.0

Mean 822.5 47.7 10.1 209.1 1229.5 411.9 2747.5 8.2

Ordovician
groundwater

Max 503.4 735.8 163.9 542.5 2280.8 351.5 3926.8 9.1
Min 171.6 68.3 11.0 214.8 361.9 17.1 1639.6 6.8

Mean 343.5 524.8 113.3 339.0 1836.0 178.3 3323.3 7.6

Note: Water sample ion concentration unit: mg/L.

2.3.2. Analysis of Medium Conditions of Reinjection Reservoir

This study targets the Ordovician fracture-karst aquifer for deep mine water reinjec-
tion. Dominated by limestone and dolomite lithology, the reservoir exhibits structurally
controlled storage capacity, with enhanced karst-fracture development near fault zones
(Figure 1b). Field investigations and drilling data indicate a karst fracture density of 6–14%,
karstification depths of 500–1800 m, and cumulative aquifer thicknesses of 18.4–113.0 m,
confirming its viability for injection. Permeability shows marked spatial heterogeneity,
with single-well yields of 80–402 m3/h and hydraulic conductivities of 0.5–2.5 m/d. The
reservoir is capped by a Carboniferous–Permian sandstone-mudstone composite layer,
serving as an effective confining unit. These hydrogeological conditions ensure mine water
reinjection poses no risk to coal seam stability.

3. Experimental Design and Method
3.1. Hydrogeochemical Assessment of Mine Water Reinjection into Aquifer

In order to assess the hydrogeochemical interactions associated with recharging mine
water into the Ordovician limestone aquifer, the PHREEQC software (version 3.7.3) was
used to explore mineral dissolution and precipitation in the aquifer system receiving the
mine water injection. Five mixing ratios of Ordovician limestone water to mine water
were investigated: 9:1, 7:3, 5:5, 3:7, and 1:9. The aquifer temperature was maintained at
50 ◦C. The saturation index (SI) is the most frequently applied parameter in groundwa-
ter hydrogeochemical research. It was calculated using the minteq.dat database in the
PHREEQC software. An SI > 0.5 signifies that a specific mineral is supersaturated in the
groundwater, leading to its precipitation. Conversely, it indicates dissolution is occurring.
An SI value between −0.5 and 0.5 indicates a state of equilibrium with respect to dissolu-
tion [42]. Thus, this analysis verifies if the mine water recharge satisfies the “water quality
dominance” principle.

3.2. Reinjection Experiment Program

This investigation employs two complementary approaches—gravity-fed intermittent
injection and sustained constant-rate injection—to determine optimal cycling intervals
and evaluate aquifer storage capacity, ultimately optimizing recharge protocols. Prelim-
inary variable-rate injection tests were conducted to determine optimal flow rates and
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cycling intervals while ensuring the safe transportation of mine water through the rein-
jection pipeline. The preliminary testing methodology is detailed in Section 4.1, with full
experimental protocols summarized in Table 2.

Table 2. Design of reinjection test scheme.

Plan
TX-1 TX-2 TX-3 TX-4 Total

DurationRI Intermittent RI Intermittent RI Intermittent RI

Intermittent
reinjection

2 h

5 min

2 h

15 min

2 h

30 min

2 h 8 h

4 h 4 h 4 h 4 h 16 h

6 h 6 h 6 h 6 h 24 h

Long-term
reinjection Continuous reinjection for 720 h 720 h

Notes: “TX-1” X represents recharge duration, and 1 represents the first stage; RI: reinjection.

The equipment required for the site reinjection test mainly includes a lift pump,
pipeline pump, automatic electromagnetic flowmeter, flow meter, pressure gauge, tem-
perature meter, water stop valve, multi-parameter rapid detector, and automatic water
level monitor.

3.3. Distribution of Monitoring Wells

Figure 2 illustrates the spatial configuration of recharge and monitoring wells. The
monitoring network serves as critical infrastructure for tracking aquifer dynamics, sys-
tematically capturing multidimensional responses of groundwater systems to recharge
operations [43]. Monitoring wells were strategically positioned within a 5 km radius of the
recharge well, accounting for groundwater flow directions to ensure upstream–downstream
observational coverage. This approach enabled continuous recording of hydraulic head
fluctuations across temporal and spatial domains, revealing aquifer heterogeneity and
interlayer hydraulic connectivity during recharge cycles.

 

Figure 2. The distribution of recharge wells and monitoring wells.
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4. Results and Discussion
4.1. Characteristics of Mineral Changes After Different Proportions of Mine Water Injection

The PHREEQC simulation results demonstrate that with increasing mine water
recharge volume, the total dissolved solids (TDS) decrease, while sodium salts show
persistent dissolution behavior. Several minerals that are prone to precipitation were se-
lected, including calcite (CaCO3), dolomite (CaMg(CO3)2), gypsum (CaSO4·2H2O), and
anhydrite (CaSO4), and their saturation index after mixing was calculated, as shown in
Figure 3. As the mine water recharge volume rises, the saturation indices for all four miner-
als display a decreasing trend and are consistently below 0.5. This further demonstrates
that the reinjection of mine water into the reservoir will not cause mineral precipitation,
confirming that the mine water quality meets the “water quality dominance” principle for
recharge. Thereby, this prevents potential problems, including aquifer system clogging and
deterioration of water quality.

 

Figure 3. Variation characteristics of SI in mine water reinjection under different proportions.

4.2. Acquisition of Water Injection Tests and Intervals

Four injection tests were conducted (Figure 4) to assess the Ordovician limestone
aquifer’s capacity to store and transfer mine water, measure post-injection water level
recovery rates in monitoring wells, and establish optimal flow rates and injection intervals
for subsequent controlled reinjection protocols. This preliminary assessment aims to inform
sustainable operational parameters for large-scale implementation.

Test 2 began with an initial static water level of 57.75 m, which decreased to 56.65 m
after venting. During the first 10 min of injection, water levels rose rapidly at a peak flow
of 246 m3/h (an average of 234 m3/h), followed by a gradual stabilization. By partially
closing the valve (2/3 open), a controlled injection of 201 m3 over 41 min achieved a final
water depth of 1.03 m without overflow (Figure 4b).

Test 3 employed an adaptive control strategy (Figure 4c). Initially, the valve remained
fully open for 34 min, injecting 131 m3 and reducing water depth to 0.918 m. Subsequent
staged adjustments reduced valve opening to 1/3 (65 m3 over 15 min) and 1/2 (61 m3 over
15 min), during which a gradual water level decline was observed. Maintaining 4/5 closure
for 100 min (a total of 381 m3 injected) stabilized the water depth at 4.0 m.

Building on prior tests, Test 4 implemented a fixed 4/5 valve opening for continuous
180-min injection. A stable flow rate of 206 m3/h (electromagnetic flowmeter data) deliv-
ered a cumulative injection of 582 m3, during which the water depth rose steadily from
56.92 m to 11.37 m (Figure 4d).
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Figure 4. Relationship between water level burial depth and flow rate with time for 4 water injection
tests. (a) First injection; (b) Second injection; (c) Third injection; (d) Fourth injection.

Post-injection monitoring revealed water level recoveries to 54.12 m, 52.44 m, 29.88 m,
and 53.78 m after 10 min for Tests 1–4, respectively. While Test 3 exhibited a temporary
recovery delay (likely attributable to staged flow adjustments), levels rebounded to 50.75 m
within the subsequent 10 min, demonstrating the aquifer’s effective hydraulic conductivity.
Analysis of recovery patterns supported implementing 5-, 15-, and 30-min intervals for
intermittent recharge protocols.

The water absorption index (N) quantifies formation injectivity, with higher values
indicating superior subsurface absorption capacity [44]. Calculated as:

N = Q/(P2 − P1) (1)

where:
Q = Recharge rate (m3/h)
P1 = Pre-injection bottomhole pressure (MPa)
P2 = Post-injection bottomhole pressure (MPa)
The four injection tests yielded absorption indices ranging from 411.46 to

431.80 m3/h·MPa (mean of 420.81 m3/h·MPa), confirming strong vertical permeability and
substantial recharge capacity in the target zone. Based on observed water level responses
and pipeline hydraulic constraints, a safe operational flow rate of 200 ± 10 m3/h was
established for subsequent trials.

4.3. Reservoir Dynamic Response Characteristics
4.3.1. Unpressurized Constant Flow Interval Reinjection Test

Figure 5 demonstrates the dynamic relationship between water table depth and flow
rate (Q) under varied operational parameters (recharge durations: 2/4/6 h; intermittency
periods: 5/15/30 min), revealing distinct nonlinear reservoir responses across test con-
ditions. Figure 5a details the 2-h cycle response: Initial static water level at 57.12 m rose
rapidly by 15.64 m within 10 min (steady flow: 204 m3/h) following wellbore priming.
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During phase T2-1, continuous recharge lowered the water table to 12.66 m, with a 39.39 m
drawdown observed after 5-min pump cessation (52.05 m). Phase T2-2 recorded recharge-
induced elevation to 11.57 m, followed by sequential drawdowns: 33.22 m (44.79 m) at
5 min and an additional 9.29 m (54.08 m) at 15 min post-recharge. Subsequent phases
exhibited similar patterns, with T2-3 achieving 11.71 m before 30-min intermittency pro-
duced drawdowns of 35.65 m (47.36 m), 42.68 m (54.39 m), and 45.77 m (57.48 m) at 5-, 10-,
and 30-min intervals. The 4- and 6-h cycles (Figure 5b,c) exhibited comparable hydraulic
behavior, characterized by rapid water table elevation during recharge initiation and swift
recovery during intermittency. Notably, prolonged recharge durations correlated with the
progressive water table rise and decelerated recovery rates.

 

Figure 5. This figure illustrates the temporal relationships between water table depth and flow rate
(Q) under varying recharge duration–intermittency combinations: (a) 2-h cycles, (b) 4-h cycles, and
(c) 6-h cycles.

Under equivalent total recharge durations, phases T2-2, T4-1, and T6-1 (4-h mark)
showed water table elevation increases of 45.55 m, 45.23 m, and 47.3 m, respectively, indicat-
ing minimal recovery impact from 5-min intermittency. Extended 15-min intervals during
phases T2-3, T4-2, and T6-1 (6-h mark) yielded increases of 45.41 m, 45.6 m, and 47.53 m,
demonstrating enhanced pressure dissipation during recovery periods. Progressive eleva-
tion patterns emerged at 8-h (T2-4/T4-2/T6-2: 45.26–47.66 m) and 16-h marks (T4-4/T6-3:
45.92–47.84 m), confirming that 30-min intervals substantially improved aquifer drainage
efficiency through sustained pressure dissipation. Three key patterns emerged: (1) bipha-
sic response curves (rapid rise followed by stabilization), with initial 10-min elevations
accounting for 62–78% of total stage increases; (2) positive correlation between recharge
duration and hydraulic response magnitude (21.3% greater elevation at 6-h vs. 2-h cycles);
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and (3) inverse relationship between recharge duration and recovery rates (1.42 m/min vs.
0.43 m/min for 2-h and 6-h cycles, respectively). These findings provide critical operational
benchmarks for the recharge system optimization. Moreover, as the amount of reinjection
of mine water increases, the mineral saturation index continues to decrease (Figure 3),
and various minerals exhibit continuous dissolution characteristics. At the same time,
combined with this characteristic of rapid recovery of groundwater level when reinjection
stops (Figure 5), it can be inferred that the radius of influence of reinjection groundwater
has not changed. It would mean that, no matter the underground aquifer structure, the
groundwater system being pumped tends to converge, from an energetic viewpoint, to an
equilibrium state, as previously stated by Zehe et al. and Schiavo [45,46].

4.3.2. Long Term Reinjection Test Without Pressure and Constant Flow

Figure 6 illustrates the water table dynamics during a 30-day constant-flow reinjection
test under unconfined conditions. The initial water table depth was measured at 57.51 m
at the reinjection well, with the flow rate was maintained at 200 ± 5 m3/h. Water levels
rose rapidly to 12.1 m, 11.57 m, and 11.44 m at 2, 4, and 6 h, respectively, showing declining
ascent rates of 22.71 m/h, 11.49 m/h, and 7.68 m/h. This pattern of rapid initial rise
followed by gradual deceleration aligns with the hydraulic response observed in the
intermittent reinjection phase T6-1. The recharge process exhibited three distinct phases:
(1) rapid ascent (Days 1–7): water table rose 8.5 m; (2) gradual ascent (Days 7–12): additional
3.15 m increase; and (3) stable fluctuation (Days 12–30): ±0.25 m oscillations within 2 m
range. Despite three brief interruptions (<8 h total) from equipment failures, water levels
consistently recovered to pre-interruption levels, indicating delayed water dissipation in
the aquifer system.

Figure 6. Variations of the depth of water table burial and flow rate (Q) with time for a 30-day
long-term reinjection test.

Post-experiment monitoring revealed significantly lower static water levels after pro-
longed recharge compared to intermittent operations. This suggests enhanced permeability
anisotropy in the Ordovician limestone aquifer from sustained hydraulic loading, po-
tentially enlarging preferential flow paths. Extended reinjection duration progressively
fills aquifer storage capacity, reduces permeability, and strengthens hydraulic connections
within surrounding strata. These changes prolong water level recovery times and cre-
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ate dissipation delays, demonstrating complex hydrogeological responses to sustained
high-volume reinjection.

4.3.3. Changes in Water Table Depth in Monitoring Wells

Monitoring wells quantified the relationship between recharge volumes and aquifer
permeability by tracking water level changes across multiple aquifers. Figure 7 details
water level variations before and after recharge from 1 November 2024 to 2 February 2025.
Key observations within a 5 km radius of the recharge site include the following:

 

Figure 7. Long-term observation data from the monitoring well. ((a) Ordovician aquifer; (b) roof and
floor of the No. 3 coal seam; (c) Neogene aquifer).

Ordovician aquifer:

- G0: Water levels rose 0.51 m (83.71 m to 82.82 m) with a consistent, gradual rise
regardless of recharge.

- G1: 0.84 m decline (56.14 m to 56.98 m).
- G2: Stable levels (90.60 m to 90.50 m), indicating balanced recharge/discharge.
- G3: 1.44 m decline (62.17 m to 63.61 m).
- G4 (Luozhuang geothermal well): Pumping for heating initiated on 19 November

caused a 4.00 m decline by December 22 (64.15 m to 68.15 m), with operational
fluctuations.
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Permian Shihezi Formation (G5–G8):
All monitoring points showed minor fluctuations except G8, which declined. The

consistent water balance indicates no recharge impact, with regional discharge exceed-
ing replenishment.

Lower Permian limestone (G9):
Steady 2.1 m decline (848.3 m → 850.4 m), aligned with mine drainage operations.

Unchanged depletion rate confirms no recharge influence.
Neogene aquifer (G10–G12):
All three wells maintained equilibrium (±0.25 m fluctuations), demonstrating bal-

anced regional recharge–discharge dynamics with no recharge effects.
Despite the absence of groundwater level variations observed in these monitoring

wells, substantiating the effects of the mine water reinjection operation remains necessary.
Consequently, we applied Sichardt’s equation [47,48], a standard empirical formulation in
hydrogeological practice, to determine the radius of influence, expressed as:

RSich = 3000 · s ·
√

K (2)

In which R denotes the radius of influence (m); s signifies the drawdown (m); K stands
for the hydraulic conductivity (m/s).

Comparative analysis with earlier numerical modeling results is shown in Figure 8,
illustrating both the theoretical predictions of the empirical formula and the numerical
simulation data [5]. Simulation results reveal the groundwater response to sustained
recharge at 200 m3/h, producing influence radii of 145 m after 10 days, 810 m after 6 months,
1020 m after 18 months, and 1480 m after 3.5 years. These measurements exhibit strong
concordance with the empirical formula’s computed value of 1464.5 m.

 

Figure 8. A comparison of theoretical calculated values and numerical simulation results.

This is based on the observed water level changes across the relevant aquifers, empiri-
cal formula computations, and numerical modeling outcomes. These findings collectively
demonstrate that the implemented long-term reinjection trial exerted no discernible impact
on neighboring aquifers. Nevertheless, we still need to continue to carry out long-term
monitoring to ensure the safety of the reinjection project.
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4.4. Analysis of Well Loss During Pumping and Reinjection

Well loss is defined as the hydraulic head difference across the well screen resulting
from the conversion of horizontal groundwater movement in the aquifer to vertical flow
through the filter pipe, combined with frictional resistance at the well–aquifer interface
during pumping operations [35]. As an intrinsic characteristic of pumping systems, well
loss manifests proportionally with increasing pumping rates or drawdown depths dur-
ing extraction processes [49–51]. Determinants of well loss encompass well diameter,
completion design, filter media gradation, well development efficacy (insufficient de-
velopment amplifies well loss proportion), construction methodology, and substantial
random variables.

Artificial recharge through injection wells constitutes the hydraulic reverse of pump-
ing, exhibiting partial penetration flow characteristics: water first establishes vertical flow
within the well, subsequently creating composite 3D flow fields (radial–vertical) in the
proximal aquifer zone, which progressively evolve into dominant 2D radial flow regimes
through spatial attenuation. Well loss phenomena persist throughout this hydraulic transi-
tion process [52].

Contemporary approaches for well loss quantification comprise two principal method-
ologies: one based on pumping test data analysis using observation well spacing and draw-
down versus logarithmic time (s-lgr) relationships [49,53–55]. While demonstrating supe-
rior precision, this approach necessitates extensive observation well networks accompanied
by significant resource allocations for implementation. The second methodology applies
empirical formulas established through multiple curve analyses of drawdown–discharge
(S-Q) relationships from single-well pumping tests, incorporating Jacob’s quadratic well
loss model (CwQ2) and Rorabaugh’s turbulent flow theory with exponent m (CwQˆm).
The standard empirical formulation appears as follows:

Sw′ = Sw + Sw1 = AQ + BQm (3)

where Sw = AQ denotes the theoretical drawdown adhering to Dupuit–Forchheimer laminar
flow assumptions; well loss term: Sw1 = BQˆm, where A and B are calibration coefficients,
m represents the discharge exponent, and Q signifies pumping/recharge flow rates.

Through inverse modeling of multi-cycle pumping test data from recharge wells using
Equation (3), the optimized parameters were determined as A = 0.03552, B = 1.43 × 10−6,
and m = 3. As tabulated in Table 3, the calculated well loss and radial flow components
reveal a systematic augmentation of well loss percentage with escalating flow rates during
pumping/recharge operations.

Table 3. Results of well loss and runoff terms.

Type Q Runoff Well Lose
Drawdown

Error (%)
Well Loss

Percentage (%)Calculated Value Measured Value

Pumping test
219.2 7.79 15.07 22.86 24.93 8 65.94
178.2 6.33 8.10 14.43 11.51 25 56.12
98.33 3.49 1.36 4.85 5.54 12 28.03

Reinjection
test

200 7.10 46.44 53.42 48.66 9.8 86.7
220 7.81 61.81 69.46 76.12 8.8 88.75
240 8.52 80.24 88.55 88.12 0.49 90.37

Note: “Q” represents the flow of the pumping test or reinjection test, unit: m3/h.

The comparative analysis presented in Figure 9 graphically illustrates the variance
between simulated results and field measurements. At equivalent flow rates, pumping-
induced drawdown demonstrates remarkable asymmetry compared to recharge-caused
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water table recovery, exhibiting a maximum differential of 51.19 m. Notably, well loss
constitutes the principal source of drawdown prediction inaccuracies, particularly during
recharge operations, thereby requiring careful isolation of wellbore head loss effects during
parameter determination [56]. The proposed approach provides both predictive capabil-
ities for well loss estimation in mining/geothermal recharge projects and a quantitative
framework for evaluating injection performance metrics.

 

Figure 9. Well loss comparison under pumping and reinjection conditions.

4.5. Limitations of On-Site Reinjection Tests and the Enlightenment of Future Work

In this study, combined with the on-site reinjection test, we found that deep geological
conditions are complex, difficult to investigate, and have high drilling monitoring costs.
And we can only work within a limited range approved by the government, which makes
it impossible to obtain monitoring data as easily as with shallow groundwater. At the
same time, relying solely on numerical simulations and empirical formulas for calculating
the radius of influence in the reinjection process ignores the uncertainty of deep aquifer
systems, and the actual process should be more complicated. This work is just a preliminary
exploration of mine deep well recharge to obtain the dynamic response of the Ordovician
limestone aquifer at the test site. However, there are still many key scientific issues that are
worth solving. for example, dynamic real-time monitoring and early warning technology
for the re-injection process, environmental impact assessment and risk prevention and
control of groundwater re-injection in deep mines, and impact assessment of safe mining
of coal mines [30].

5. Conclusions
The mine water deep well reinjection approach entails substantially lower costs than

alternative water treatment methods, offering considerable economic benefits. Taking the
Ordovician limestone aquifer in North China’s mining region as a case study, this research
examined aquifer level fluctuation patterns and storage capacity under various recharge
scenarios, including intermittent and sustained reinjection operations. The findings indi-
cate a deceleration in water table depth recovery rate proportional to recharge duration,
highlighting the aquifer’s dual characteristics of rapid recharge response and efficient
recovery capacity as an underground reservoir. Under long-term reinjection conditions,
the groundwater level showed three stages of change (rapid rise, slow rise, and stability),
proving that the reservoir has good water storage capacity. The actual data of the mon-
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itoring hole, theoretical values of empirical formulas, and numerical simulation results
all prove that the groundwater impact radius is very small and the refilling project is safe
and feasible.

Differential analysis of drawdown patterns from variable-flow pumping and rein-
jection tests substantiates the occurrence of the well loss phenomenon during artificial
recharge operations. Well loss emerges as the predominant error component in practi-
cal drawdown assessments, representing a major portion of measured deviations. The
well loss coefficient demonstrates a positive correlation with discharge/injection rates. At
identical flow rates, the well loss coefficient during recharge operations exceeds pump-
ing conditions by a factor of 4.06, offering essential guidance for proper hydrogeological
parameter determination.

The field reinjection test can lay a foundation for the implementation of the recharge
project of treating mine water at low cost. Reasonable reinjection flow and later operation
intermittent periods in the study area were obtained. It can provide a reference value for
eliminating well loss and correctly calculating hydrogeological parameters in the process
of mine water or geothermal recharge. In summary, this research will provide guidance for
the implementation of subsequent mine water reinjection projects.
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