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Abstract

Accurately exploring whether fractures are interconnected and whether water can flow through them, as well as quantita-
tively describing how underground water systems are affected by mining activities, is crucial for the safe exploitation of
mineral resources and for protecting ecological water resources. Traditional groundwater level monitoring and geophysical
techniques are unable to visualize many of these mining-triggered effects on the hydrological system, as well as the sources
and vertical seepage paths of water inflow. A method combining particle-magnetic heading optical tracking technology
(PMHOTT) and an artificial tracer test was proposed to address this problem. This method tracks and calibrates the water
flow rate, velocity, direction, and dynamic composition of water flowing into the working face through in-situ monitoring
and multi-aquifer tracer penetration flux-time relationship analysis. By analyzing hydrological metrics, the impact of mining
activities on the groundwater system and the dynamic changes of the flow field within the effective influence area can be
determined. The results indicate that the PMHOTT monitoring data, after correction, overcame the deficiency of insufficient
observation boreholes in traditional water level monitoring, and accurately captured flow field changes in the area most
affected by mining activities. Meanwhile, by considering the interaction between multiple tracers, we successfully identi-
fied the sources of water inflow entering the mine as well as the groundwater seepage path. This study accurately evaluated
the development height of water-conducting fractures and quantified groundwater flow time, expanding the applicability of
artificial tracer test in the fractured aquifer. This will be useful for predicting and preventing mining water hazards under
complex hydrogeological conditions.
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Introduction

Mining-related activities can generate and expand fractures,
which can alter the permeability of rock formations and
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The effects of mining on the groundwater system can be
divided into three stages: advance drainage, local damage,
and regional driving. In the advance drainage stage, water
must be released from the overlying aquifer in advance to
ensure production safety. Local damage occurs during min-
ing when the overlying rock structure is disrupted, poten-
tially forming major drainage channels in the groundwater
system. During the post-mining regional driving stage, the
formation of water-conducting fracture zones can cause
changes in the recharge, discharge, and runoff of the entire
groundwater system. In-situ detection and monitoring are
direct methods that can be used to predict and explore the
development characteristics of water-conducting fracture
zones.

The more commonly used detection and monitoring
methods can be broadly categorized into two types. The
first type includes drilling techniques, such as borehole
three-dimensional imaging (Zhu et al. 2010) and borehole
flushing fluid methods (State Bureau of Coal Industry 2000).
The second type involves geophysical techniques, such as
electrical (Yeh et al. 2015), electromagnetic (Qamar et al.
2019), and microseismic methods (Lai et al. 2021). How-
ever, these methods are mainly used to detect fractures in
rocks and have two major disadvantages: it is impossible to
accurately determine whether the detected cracks are water-
conducting or if the detected fractures are connected to the
underground mines. Therefore, besides investigating the
fractures caused by overlying rock damage, it is essential
to study the dynamic changes of the groundwater system to
ensure the safe exploitation of mining resources.

Identifying the path and time of groundwater flowing
into the mine through mining-induced fractures is highly
challenging. Groundwater tracer technology is often used to
study the flow and contamination flow pathways of ground-
water (Wang et al. 2022). It involves introducing artificial
tracers, such as chemicals with specific properties or radio-
active isotopes, into the groundwater system to track the
flow and mixing of groundwater. This technology is widely
applied in water resources management (Pinasseau et al.
2023), groundwater pollution research (He et al. 2022),
groundwater recharge (Burnett et al. 2010), and watershed
hydrology (Laurent et al. 2015). It helps us understand the
characteristics of groundwater flow, assess the sustainabil-
ity of water resources, and provide a scientific basis for
groundwater protection and management. In underground
rivers and karst groundwater systems, artificial tracer tests
are particularly effective and have advantages in terms of
time and space (Qi et al. 2018). Through this technology,
the flow path of groundwater in complex underground karst
channels can be tracked, providing a deeper understanding
of the relationship between groundwater and underground
dissolution processes. However, inferring the process of
groundwater movement caused by mining with traditional

detection methods is not sufficiently intuitive (Zeng et al.
2024). On the other hand, tracer tests in fractured aquifers
face limitations and challenges due to heterogeneity. The
difficulty of this lies in applying tracer techniques that can
intuitively reflect groundwater movement to these fractured
aquifers.

The Ordos Coalfield is the largest coalfield in China and
holds an important position in the China’s Western Devel-
opment Strategy (Ning 2013). With the widespread adop-
tion of comprehensive mechanized mining and large-scale
high-extraction thickness mining methods, the characteris-
tics of massive strata deformation and nonlinear evolution
of the groundwater system will become more prominent.
This study was undertaken to analyze the horizontal seepage
characteristics of groundwater based on particle-magnetic
heading optical tracking technology (PMHOTT) groundwa-
ter level (GWL) measurements, flow velocities, and direc-
tions in hydrological monitoring wells. Building on this,
artificial tracer tests will be conducted by introducing dif-
ferent tracers and real-time monitoring in the mine to deter-
mine the vertical seepage characteristics of groundwater. By
quantifying the transit time of groundwater and determining
the flow paths, the applicability of artificial tracer tests in
fractured aquifers can be expanded, providing assistance in
predicting and preventing mine water hazards under complex
hydrogeological conditions.

Study Area

The Caojiatan Coalfield is located in the northeastern part
of the Ordos Plateau, north of the Loess Plateau in north-
ern Shaanxi Province, and on the southeastern edge of
the Maowusu Desert (Fig. 1a). It is characterized by sand
dunes, sandy and wind-blown land, and loess landform:s.
The coalfield covers an area of 108.49 km? and has five main
coal seams with a total estimated recoverable reserves of
1.51 x 10® t. The current main extraction is conducted at a
depth of ~ 300 m in the 2-2 coal seam, with an annual out-
put of about 1.70x 107 t. In the central part of the mining
area, there is a NW to SE oriented watershed that divides
the groundwater into two relatively independent hydro-
geological units: the southwest belongs to the Yuxi River
basin and the northeast belongs to the Tuwei River basin
(Fig. 1b). The mining area has abundant coal resources,
limited water resources, a simple geological structure, and
a fragile ecology.

Hydrogeological Characteristics
Based on the occurrence conditions and hydraulic character-
istics of the groundwater, the aquifers above the main coal

seam can be generalized into four categories. The uppermost
is the Quaternary aquifer, which includes the Quaternary
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Fig. 1 The geographical loca-
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Aeolian deposits (Q,°), the Upper Pleistocene Salawusu
Formation (Q5s), and the Middle Pleistocene Lishi Forma-
tion (Q,1). The Salawusu Formation mainly consists of fine
sand with occasional medium to coarse sand. It is highly
receptive to recharge from atmospheric precipitation and has
a moderate level of water abundance. Below the aquifer lies a
key aquitard composed of red clay from the Neogene Baode
Formation (N,b). Its ability to prevent water flow is directly
related to mine safety and serves as an important guarantee
for water security in industry, agriculture, domestic use, and
ecology. Beneath the unconsolidated formation, there is the
fractured aquifer of the Middle Jurassic strata, including the
Middle Jurassic Anding Formation (J,a), Zhiluo Formation
(J,z), and Yan’an Formation (J,y). These formations consist
primarily of medium to fine sandstone. Additionally, due
to the influence of paleotopography, the top surface of the
rocks underwent varying degrees of weathering. The entire
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Anding Formation in the region is a weathered bedrock
section with an average thickness of 20 m. Therefore, the
bedrock section is divided into a weathered bedrock aquifer
and a bedrock aquifer. The weathered bedrock has a jumbled
structure, is soft and fragile, and has enlarged pore spaces,
resulting in increased permeability. The normal bedrock has
a compact structure and less water abundance.

Factors Contributing to Mine Inflow

(1) Water-conducting channel (s): there is no water-conduct-
ing structure in the study area; the primary water-conducting
channels are the fracture zones formed during coal extrac-
tion. Based on our previous in-situ monitoring and predictive
analysis (Zeng et al. 2023), the water-conducting fractured
zones formed during the extraction of the 2-2 coal seam will
extend into the weathered bedrock aquifer.
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(2) Sources of water-inflow: the direct sources of water
inflow within the water-conducting fracture zone include
the bedrock aquifer and the weathered bedrock aquifer.
The bedrock aquifer exhibits low water abundance and
negligible lateral recharge. Consequently, when the static
storage of this aquifer comes into contact with the water-
conducting fractures, it rapidly flows into the mine and
subsequently gets drained, leaving the bedrock segment
primarily functioning as a conduit during the entire period
of mine water inflow. On the other hand, the weathered
bedrock aquifer is abundant in water and receives ample
lateral recharge, making it the principal source of water
inflow for the mine. Additionally, outside the scope of
the water-conducting fracture zone, the indirect source of
water inflow is the Quaternary groundwater aquifer. Due
to sediment wedge disappearance at the western margin
of the mine (Fig. 1c), there exists a possibility of vertical

recharge to the weathered bedrock aquifer through the
presence of the red clay aquitard.

(3) Water-inflow intensity: the distribution of water
inflow from different working faces in the mine has revealed
differences between the eastern and western panels. In the
past, the average water inflow at the 122,108 working face
in the eastern panel was 300 m*/h. As the working face
advanced, the water inflow increased accordingly. When
the water-conducting fractures came into contact with het-
erogeneous water-rich zones, the water inflow showed a sud-
den increase. After the completion of mining at the work-
ing face, the water inflow decreased to 200 m’/h (Fig. 2a).
The maximum water inflow at the 122,109 working face in
the western panel reached up to 950 m*/h, and it remained
above 600 m?/h even after mining was completed (Fig. 2b).
It can be inferred that the aquifer in the bedrock has a lim-
ited capacity to provide water inflow. Due to the presence
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Fig.2 Time series curve of water inflow at each working face (a Time series curve of water inflow throughout the entire mining process at
122,108 working face. b Time series curve of water inflow throughout the entire mining process at 122,109 working face)
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of an impermeable skylight in the western part of the min-
ing area, the Quaternary aquifer indirectly replenishes the
weathered bedrock, causing abnormally high water inflow at
the 122,109 and 122,107 working faces (Fig. 2¢).

Methods

Monitoring of Groundwater Flow Based
on Particle-Magnetic Heading Optical Tracking
Technology (PMHOTT)

Basic Principle of PMHOTT

For highly heterogeneous fractured aquifers, analysis of the
flow field generated from traditional interpolation of GWL
monitoring well data may not be sufficiently accurate due
to the limited number of monitoring wells. Additionally,
in mining areas, GWL monitoring wells are typically not
installed above the mining working faces to prevent the for-
mation of preferential flow paths. This limitation hampers a
precise understanding of the flow field variations in the areas
most affected by coal mining. Therefore, in this study, we
used the PMHOTT to collect monitoring data on ground-
water velocity and flow direction. This allowed us to further
analyze the seepage patterns of the groundwater, compen-
sating for the limitations of traditional flow field analysis.
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Fig.3 Schematic diagram of PMHOTT
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Calculation of the Hydraulic Conductivity

Due to the differing hydraulic conditions between aquifers
and wells, groundwater flow typically exhibits converg-
ing flow lines towards wells (Cook et al. 2010). Due to the
hydraulic contrast between the aquifer and the well, the flow
velocity in the well (referred to as v,,,,) can be much higher
than the groundwater flow velocity in the main aquifer
(referred to as v,,,). Several methods have been developed to
quantify this effect (Schubert et al. 2011). Drost et al. (1968)
discovered an empirical relationship between inflow width
and well radius and introduced a horizontal convergence
factor based on well geometry and all relevant hydraulic
conductivity data (Eq. 2). Through application, the ground-
water flow velocity in the undisturbed aquifer (v,,,) can be
quantitatively related to the determined velocity inside the
well (v,,,) using Eq. 1:

Vew = Vi /@ 1)

If the well is constructed without any filter pack, or if
the hydraulic conductivity of the filter pack can be assumed
to be equal to the hydraulic conductivity of the aquifer, the
convergence factor @ can be expressed by Eq. 2:

4
)L (K e\’ 2)
() @)
If no skin effect is considered (r,=r, and K,=K,), Eq. 2
can be simplified to a=2, which was developed and pub-
lished empirically by Ogilvi and applied by Cook et al.

(1999). Equation 3 can thus be used to quantify the relation-
ship between the well velocity and the aquifer flow velocity.

Vo = Viw/2 3)

where v, is the groundwater flow velocity in the aquifer
(L/T), v,,, is the groundwater flow velocity in the well (L/T),
a is the horizontal convergence factor, r; is the skin zone
radius (L), r,, is the well radius (L), K| is the the hydraulic
conductivity of the skin zone (L/T), and K, is the hydraulic
conductivity of the aquifer (L/T).

By monitoring the flow velocity in the well (v,,,,) and uti-
lizing Eq. 3 to convert it into aquifer flow velocity (v,,,), the
hydraulic conductivity of the aquifer (K,) can be calculated
using Darcy’s Law (Eq. 4). This process allows for a more
comprehensive understanding of the heterogeneous charac-
teristics of the aquifer, facilitating quantitative calculations
of groundwater seepage times.

AH
ng = K21 = KzE (4)

where [ is the hydraulic gradient, AH is the difference in
GWL between two points (L), and AL is the horizontal dis-
tance between the two points (L).

Tracer Based Vertical Seepage Monitoring of Groundwater

Artificial tracer tests are methods in which substances that
can move with groundwater and are not easily adsorbed are
injected into a specific part of a groundwater system, and
their movement is monitored and detected elsewhere. This
technique has been widely applied for reasons such as water
source exploration in karst regions (Kogovsek and Petric
2014), dam leakage detection (Qiu et al. 2022), pollution
source tracking (Schiperski et al. 2022), and tunnel disas-
ter prevention (He et al. 2023). In the mining field, artifi-
cial tracers are used for the examination of hydrodynamics
and calculation of mean residence times, particularly in the
hydrological processes pertaining to mine water treatment or
abandoned mines (Wolkersdorfer et al. 2016). In the afore-
mentioned scenarios, the presence of relatively continuous
or well-connected seepage passageways prevails, which sim-
plifies the determination of tracer injection and monitor-
ing sites for the conducted tests. However, in groundwater
systems that have been disturbed by mining activities, the
development of water-conducting fractures often exhibits
marked heterogeneity. So, for example, such characteristics
can cause the tracer to be rapidly released from the mining
fracture into an isolated water-rich space, thus preventing it
from reaching the mine. When compared to the flow within
these fractures, the flow capacity of the bedrock seems
relatively limited. This heterogeneity presents a consider-
able challenge for tracer injection. Therefore, conducting
artificial tracer experiments in mining areas with fractures
developed in the coal roof in northwest China has important
pioneering value and guiding significance for the applica-
tion and promotion of this technology. In addition, plotting
the concentration—time curve of the tracer and analyzing its
characteristics provides a new means to further explore the
hydraulic connection between different aquifers in the over-
burden of the roof and determine the nature of groundwater
flow when roof failure occurs.

Basic Principle of Artificial Tracer Tests

When a tracer is injected into groundwater, it does not
move forward at the actual flow velocity but spreads and
propagates continuously with the fluid flow (Hinton and
Woods 2019). It expands within the fluid and extends
beyond the region influenced solely by the average flow
velocity. This phenomenon is called hydrodynamic disper-
sion, which is an unstable and irreversible process. During
the flow and diffusion of the tracer, the concentration of
the tracer varies over time. By establishing hydrodynamic
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dispersion equations for different media, corresponding
breakthrough curves can be solved, thus establishing
the relationship between the media and the tracer curve
patterns.

Within heterogeneous aquifers, tracers migrate faster
in permeable media, resulting in larger dispersion plumes.
Therefore, tracer tests always directly reflect the charac-
teristics of high conductivity zones and hydrodynamics in
the aquifer, where groundwater flow velocities are high.
Consequently, when studying the flow of tracers, molecu-
lar diffusion can be neglected, and only mechanical dis-
persion is considered (Brouyere 2003). The fundamental
one-dimensional advection—dispersion equation for such
cases is given as:

oC _ d0*C aC

T _pl _v& 5
ot 02x2 ox )

where C represents the tracer concentration, ¢ is time, x is
distance, and D is the dispersion coefficient that describes
the rate at which the tracer disperses in the medium. This
equation describes the relationship between the tracer con-
centration and changes in time and space. By solving this
equation, we can obtain the distribution of tracer concentra-
tion over time and space. As shown in Eq. 5, the changes in
tracer concentration with time is related to the dispersion
coefficient and groundwater flow velocity.

In addition, when the working face of a coal seam is
mined to a certain length, it disrupts the original stress
equilibrium of the overlying strata of the goaf, leading to
phenomena such as collapse, movement, deformation, and
detachment of the overlying strata. Based on the degree of
fragmentation, different zones are formed from top to bot-
tom, including bending and sinking zones, fracture zones,
and caving zones. Well-developed fracture and caving zones
can form effective water-conducting channels. By using
stable, soluble tracers, and taking advantage of dispersion
within the aquifer, the tracers can migrate within the water-
conducting channels formed by the overlying strata dam-
age, and eventually reach the inflow point in the working
face. By monitoring the tracer concentration in water sam-
ples collected from the corresponding inflow in the working
face and analyzing how it changes over time, the source and
movement patterns of the water inflow can be determined.

This study employed a fluorometer for continuous and
automated monitoring during the tracer experiment. The
optical component consists of lights with different fre-
quencies located on four vertical axes (Fig. 4a). Each axis
is equipped with excitation point filters, detection point
filters, and optical lenses. As water flows through the opti-
cal aperture, these lights are sequentially turned on and off
to measure three independent responses and the turbidity
of the water (Pecly 2018).

@ Springer

Artificial Tracer Test

According to the research objectives, experimental prin-
ciples, and field survey measurements, we selected three
fluorescent tracers, namely uranine, rhodamine, and tino-
pal, for our experiment. Compared to other tracers like
sodium chloride and ammonium molybdate, fluorescent
tracers have the advantages of stability, low dosage, high
detection accuracy, and continuous monitoring capabil-
ity. To ensure the reliability and accuracy of the field test
data, two sets of indoor calibration experiments were con-
ducted. The first set of experiments determined the rela-
tionship between the tracer concentration and detection
results. By adding an equal amount of tracer and continu-
ously measuring the results, a linear correlation between
the two indicates normal instrument function. The second
set of experiments determined the instrument’s detection
threshold and whether there would be interference between
the three tracers. The three types of tracers were added
in sequence to the same container, and the results were
judged based on the detection results.

To improve the accuracy and success rate of the
experiment, the modified flow field and PMHOTT were
adopted to precisely delineate the central area of the cone
of depression and determine the injection location of the
tracer. A double-plug water pressure device was used to
inject pre-prepared proportional tracer reagents into des-
ignated boreholes. After entering the water-bearing layers,
the tracers flow into the goaf area through water-conduct-
ing fissures. Monitoring points were set near the corre-
sponding goaf areas, and by measuring the concentration
changes of the tracers, we could understand the effective
height of the development of water-conducting fissure
zones in the overlying rock strata, as well as the timing
and range of groundwater inflow from different aquifers
into the working face. In this study, we injected the three
tracers into the Salawusu Formation, weathered bedrock,
and Zhiluo Formation aquifers respectively, as shown in
Fig. 4c and Table 1. Monitoring devices were placed at
the water tank of the auxiliary transportation groove of the
122,107 working face at a distance of 4700 m (Fig. 4e).
The monitoring data allowed us to study the movement
characteristics of the groundwater in the mining-influ-
enced overburden and provided support for subsequent
anti-seepage or grouting sealing measures.
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Fig.4 Principle of tracer equipment and test schematic (a Schematic
of fluorometer principle, b Physical fluorometer, ¢ Tracer test scheme,

Fluorometer probe
(for boreholes)

(for surface water

Ho%
c C.

SZ-1
(Primary an:i secondary boreholes)

Quaternary aquifer

Uranine

Drilling direction

tank for continuous monitoring at the working face, f Ground bore-
hole to inject tracer)

d Background value measurement of downhole tracer test, e Water

Table 1 Summary of tracer experiment arrangement in each aquifer

ID Time Inject aquifer and depth Tracer and its dosage Inject position Monitoring position

1 2022/3/10 13:00 Weathered bedrock 83.5m Rhodamine 3kg Borehole The water tank of the auxiliary transportation groove
2022/3/11 15:15 Weathered bedrock 84.2m  Rhodamine 3kg SZ-1 of the 122,107 working face at a distance of
2022/3/11 17:40 Weathered bedrock 88.2m  Rhodamine 3kg 4700 m

2
3

2022/3/12 11:30
2022/3/17 10:30
2022/3/27 9:00

2022/3/30 12:00

Weathered bedrock 115.6m Rhodamine 5kg

Weathered bedrock 84m

Zhiluo 181m
Salawusu 32.5m

Rhodamine 5kg
Tinopal 10kg

Uranine 10kg Pair borehole

SZ-1
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Results
Groundwater Horizontal Flow
Weathered Bedrock Aquifer

Through analysis of the water-filling factors in the mine,
we found that the weathered bedrock aquifer was the
main source of the water inflow. Understanding the flow
field distribution in the weathered bedrock is crucial
for preventing and managing water hazards. In order to

37397500 37398500 37399500
T T T

accurately obtain the GWL seepage patterns in the weath-
ered bedrock aquifer, we utilized GWL monitoring data
from March 2022 and flow velocity and direction data
obtained from PMHOTT to generate a flow field. The
interpolated flow field generated by direct interpolation
with the corrected flow field incorporating flow direction
data is shown in Fig. 5. It can be observed that the weath-
ered bedrock forms two descending funnels. One stable
funnel was formed after mining of the 122,109 working
face was completed. Another new funnel gradually formed
when mining at the 122,107 working face began, with its
influence range gradually expanding as mining progressed.
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Fig.5 Contrast of direct interpolated flow field with corrected flow field in weathered bedrock aquifer
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Furthermore, the corrected flow field centers on the work-
ing face, providing a more realistic representation of the
flow field in the weathered bedrock and compensating for
the drawback of not being able to install GWL monitoring
boreholes above the mining face. This correction allowed
us to have a more accurate understanding of the water flow
dynamics in the weathered bedrock, providing a more reli-
able reference for the prevention and management of mine
water inflow (Fig. 6).

Quaternary Aquifer
By observing the flow field morphology generated by

GWL interpolation, we identified a macroscopic trend of
northeast to southwest groundwater flow in the Quaternary

aquifer. However, as the borehole monitoring was con-
ducted closer to the working face, we observed that the
groundwater flow direction differed from the macroscopic
trend, resembling that of the weathered bedrock aquifer.
This suggests that under the influence of mining, ground-
water started to converge towards the goaf area. The cor-
rected flow field morphology is generally similar to the
interpolated flow field morphology, except for the rela-
tively lower GWL near the working face. This is due to the
effects of mining on the groundwater system, resulting in
relatively lower GWL near the working face.
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Groundwater Vertical Tracer Results

Laboratory Test To ensure the reliability and accuracy of
the field test data, we conducted indoor calibration experi-
ments for tracer analysis. Prior to the calibration experi-
ments, measurements and calibrations were performed on
the tracers used. Specifically, we used tracer standard solu-
tions to detect and analyze the relationship between the
instrument-measured concentration and the true concentra-
tion (Fig. 7). From Fig. 7, it can be observed that the true
concentrations of the three tracers can all be represented by
a linear equation "y = kx + b" with their measured concen-
trations. In this equation, y represents the measured concen-
tration, and x represents the true concentration. The results
showed that the coefficient of determination (R?) for all
three tracers exceeded 0.98, indicating that the tracer instru-
ments used were accurate and reliable, and correlated well
with the actual concentrations.

To avoid potential interference from outliers in the field
experiments, we conducted indoor experiments using cross-
detection of tracer reagents to clarify the detection status
and abnormal conditions of the tracer device under different
circumstances. The specific procedure involved sequentially
adding the three fixed-concentration tracer reagents into the
water and recording the concentration changes while observ-
ing the changes in the detected concentrations of the other
two sets of tracer reagents (Fig. 8). The experiment was
conducted in four phases. The results showed that in phases
1 ~2, when the uranine and rhodamine were individually

added at a concentration less than 250.00 ppb, their influ-
ence on the detected concentrations of the other two sets
of tracer reagents was negligible and could be ignored.
However, after adding the fluorescent whitening agent, the
detected concentration of rhodamine and the turbidity of the
liquid both decreased in phase 3; the decrease in the detected
concentration of the uranine was less than the decrease in
the turbidity of the liquid. When the concentration of the
fluorescent whitening agent exceeded 150.00 ppb and con-
tinued to increase, the detected concentration of rhodamine
similarly increased. As the concentration of tinopal was
increased, when it reached =~ 813.00 ppb, the reading of
the detection device no longer changed; the concentration
readings of the three tracer reagents had reached their upper
detection limit. Furthermore, due to the differences in the
optical properties of the three tracer reagents, the turbid-
ity value in the detection solution was positively correlated
with the detected concentrations of uranine and rhodamine,
but negatively correlated with the detected concentration
of the fluorescent whitening agent. Through these indoor
experiments, we were able to gain a better understanding of
the interactions and optical characteristics among the three
tracer reagents, as well as their potential interference with
the detection results. This enabled us to analyze and interpret
the data in the field experiments and improve our under-
standing of groundwater flow behavior.

In situ Tracer Test Before conducting the tracer test, we per-
formed indoor testing and field background value tests on the
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automatic monitoring device to minimize potential errors
and problems. As shown in Fig. 4d, background measure-
ments were taken at the tracer injection points and detection
points, and the amount of tracer was estimated based on the
estimated catchment area and length of the flow path. Addi-
tionally, due to the potential influence of tinopal by human
activities (Hayakawa et al. 2007), it was essential to ensure
that the background values near the receiving points were
within an acceptable range before using the pre-designed
and prepared tracers.

Therefore, for this tracer test, based on the hydrogeologi-
cal conditions of different aquifers and the actual field situ-
ation, SZ-1 main and secondary boreholes were selected as
inject points (Fig. 5). A total of 19 kg of rhodamine tracer
was sequentially injected into the weathered bedrock aqui-
fer, 10 kg of tinopal was injected into the Zhiluo Formation
fractured aquifer, and 10 kg of uranine was injected into
the Salawusu Formation confined aquifer (Table 1). The test
receiving point was the sealed water tank in the auxiliary
transportation haulage 4700 m from the 122,107 working
face. The monitored tracer concentrations at the receiving
point are shown in Figs. 9 and 10.

(1) According to the monitoring curves of the tracer con-
centration at the underground receiving point from March
10th to March 12th, 2022 (Fig. 9a), the following obser-
vations were made: on March 10th at 13:00, we injected
3 kg of rhodamine tracer into the weathered bedrock sec-
tion at a depth of 83.5 m. On March 11th at 10:30, a slight

Time / min

increase in thodamine concentration was observed. At that
time, the background concentration range for rhodamine was
1.61-6.67 ppb, and the increase range was 9.11-15.91 ppb,
with a duration of 11.25 h. On March 11th at 15:15 and
17:40, we respectively injected 3 kg of rhodamine tracer at
depths of 84.2 and 88.2 m. On March 12th at 2:46 and 7:46,
the rhodamine concentration showed two-stage increases.
The first stage had an increase range of 18.63-20.68 ppb,
with a duration of 3.75 h. The second stage had an increase
range of 10.21-31.84 ppb, with a duration of 2.25 h.

As shown in Fig. 9b, the following observations were
made: At 10:30 on March 17th, we injected 5 kg of tracer
into the weathered bedrock section at a depth of 84 m. On
March 19th at 13:36, an increase in rhodamine concentration
was observed. At this time, the background concentration of
rhodamine ranged from 1.82 to 3.05 ppb, with the increase
ranging from 9.32 to 15.28 ppb and a duration of 1.16 h.

From March 24th to April 17th, 2022 (Fig. 10a), the fol-
lowing observations were made: on March 26th at 20:25,
the rhodamine concentration exceeded the maximum back-
ground value and showed an upward trend. After the con-
centration reached 34.61 ppb, it began to slowly decrease.
As the concentration decreased to 29.97 ppb, the rate of
decrease increased until it returned to the background value.
The entire process of change lasted for 417 h.

(2) The second group of Zhiluo Formation bedrock aquifer
tracer monitoring results was from March 24th to April 17th,
2022 (Fig. 10b). On March 27th at 9:00, we injected 10 kg of
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Fig.9 The first group of weathering bedrock aquifer tracer monitor-
ing results

Tinopal into the fractured aquifer section at a depth of 181 m.
At 14:31 on March 27th, an upward trend was observed in the
concentration curve of the fluorescent whitening agent. The
increase was followed by a decrease, eventually disappearing.
The maximum value was 4.90 ppb, over 55.25 h.

(3) The third group of Quaternary aquifer tracer monitoring
results was from March 24th to April 17th, 2022 (Fig. 10c).
On April 4th at 12:00, 10 kg of uranine were injected into the
confined aquifer section of the Salawusu Formation at a depth
of 32.5 m. On April 14th at 21:41, a change was observed in
the concentration curve of uranine, with a sharp increase fol-
lowed by a rapid decrease, eventually disappearing. The range
of change was between 1.07 and 1.85 ppb, over 13.92 h.
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Discussion
Analysis of Groundwater Horizontal Seepage

Based on the corresponding relationship between the
morphology and flow direction in Fig. 5, boreholes FHS-
1, FHS-2, and FHS-A2 show a tendency to flow towards
the center of the funnel, but they do not fully align with
the direction of hydraulic gradient. Additionally, HT02,
HTO04, and HT24 have very slow flow velocities, and their
flow directions are completely opposite to the macroscopic
hydraulic gradient. Therefore, it can be inferred that the
flow characteristics of the weathered rock aquifer are
highly complex, indicating heterogeneity. The morphology
and flow direction of the flow field exhibit certain local
variations, which do not fully align with the macroscopic
hydraulic gradient. Furthermore, the influence range of the
cone of depression formed by extraction is limited.

The comparative monitoring data is shown in Table 2.
The hydraulic conductivity coefficients were determined
by measuring the groundwater flow rates in the observa-
tion wells and then calculated using Eqgs. 3 and 4. The
hydraulic conductivity in the weathered bedrock aquifer
ranged from 1 to 10 m/d. The hydraulic conductivity was
0.085 m/d in a single observation well, FHS-A4. Analy-
sis of the scatter plot (Fig. 11) indicates consistently low
flow rates, despite continuous changes in flow direction.
In addition, a water mound had formed at the location
of FHS-A4, where the flow velocity is extremely slow.
Moreover, the flow direction changed systematically from
pointing towards one funnel center to another, indicating
that this may be a groundwater watershed (Georgek et al.
2018). The hydraulic conductivity determined from obser-
vation wells in the Quaternary aquifer ranged from 10 to
18 m/d, which is consistent with the pumping test results
(Qu et al. 2021a).

When the groundwater flow velocity is low, the flow
velocities and directions of different colloidal particles are
relatively chaotic and lack uniformity. This may be attrib-
uted to the fact that when the groundwater flow velocity is
low, the flow is more susceptible to external factors, caus-
ing the colloidal particles to experience different forces
during their movement, resulting in a more disordered flow
velocity and direction (Adinehvand et al. 2020). Addition-
ally, since only groundwater is present within the borehole
without any other substances impeding water infiltration,
the permeability coefficient calculated using Darcy’s law
has a relatively high value.
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Fig. 10 The second and third group tracer monitoring results

Table 2 quitor ing ].)ata. of Aquifer ID Average Average flow Hydraulic Note

Flow Velocity and DlI'BC.tIOIl, flow direc-  velocity v,/ conductivity K,/

and Calc‘ul.ated Hydraulic tion/° (m/d) (m/d)

Conductivity (K,)

Weathered bedrock FHS-1 142.1 2.691 4.037 Relatively stable
FHS-2  288.5 1.729 9.423 Relatively stable
FHS-A1 197.5 2.515 5.961 Chaotic
FHS-A2  66.7 0.8583 1.451 Chaotic
FHS-A3 264.4 0.7571 2.832 Chaotic
FHS-A4 288.5 0.0519 0.085 Chaotic but continuous
HTO04 17.8 0.8846 2.340 Relatively stable
HT24 146.3 0.09702 1.941 Chaotic
SZ-1 99.2 7.7976 6.706 Very chaotic
Quaternary SLS-1 221.1 1.43 16.159 Stable

SLS-2 3434 1.256 7.756 Relatively stable
HTO06 136.3 0.1553 2.163 Chaotic
HT10 151.6 1.329 13.290 Chaotic
HT23 3234 1.761 18.226 Stable
SLS-A1 2212 2474 10.144 Relatively stable
SLS-A2 3042 1.659 17.503 Relatively stable
SLS-A3  343.0 1.254 10.346 Stable
SLS-A4  194.8 1.787 10.410 Relatively stable
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Fig. 11 Scatter plot of velocity
and direction in FHS-A4

10 e Y :
pey e 20 L
8_..&..#;,,#“‘.% Py 300
3 b ~ f :
= A ‘4 X £240~
\./6— “‘ ‘:f :. f_ g
z e s foate o fpwd
5 5 . . ey 2
g 41 wl SR A
G . X e« [120
> .4 W
. ” y
29 . M‘ v 4 ~ 2660
TN SRR AN g N S
1 > '\v\‘:‘,‘! Y . 0% ¢ :
. . [
0 T T T T T T T ()

Analysis of Groundwater Vertical Seepage

The monitoring results of the first tracer group indicate
that there may be two ways for the tracers to flow into the
mine from the weathered rock aquifer. After the first four
tracer injections, a sudden increase in concentration was
detected, with durations of 11.25, 3.75, 2.25, and 1.16 h,
respectively. These durations were relatively short and had
small time spans compared to the injection time. After
391 h, continuous changes in the monitoring concentration
were observed, lasting for 417 h. Based on preliminary
data such as core identification of the boreholes, it can
be inferred that the degree of fracture development in the
weathered rock section of the stable formation depends not
only on sedimentary environments but also on subsequent
mining-induced damage. Both lateral and vertical frac-
tures are well-developed in this rock layer. Therefore, it is
possible to divide the groundwater flow in the weathered
rock aquifer into two stages. The first stage corresponds
to the concentration variations observed after the first four
injections. Some tracers rapidly migrated through the ver-
tical fractures (conduit channels) in the weathered bed-
rock to the monitoring well in the goaf area. The second
stage refers to the observations starting from March 24th.
The concentration of rhodamine gradually increased, sug-
gesting that the tracer continuously infiltrated vertically
into the goaf area after horizontal seepage and diffusion
within the weathered rock layer through the lateral frac-
tures. Therefore, it can be concluded that the weathered
bedrock aquifer in the stable formation is hydrologically
connected not only with the fissured aquifer in the ZhiL.uo
Formation, but also serves as a direct water source for the
mine production process.

The second tracer group consisted of tinopal, which was
injected into the fissured aquifer of the Zhiluo Formation.
After 5.5 h, a change in tracer concentration was detected
underground, with a duration of 55.25 h. Due to the small
distance between the Zhi Luo Formation aquifer and the coal
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seam, as well as marked damage, the development of conduit
pathways is more pronounced. This situation favors verti-
cal seepage of the tracers. Therefore, after the tinopal was
injected into the fissured aquifer of the Zhiluo Formation,
groundwater rapidly passed through the fractured overbur-
den and into the goaf area. This further confirms the high
degree of vertical fracture development in the Zhiluo Forma-
tion aquifer, making it a direct water source for dewatering
during the mining process (Qu et al. 2021b).

The third tracer group consisted of uranine, which was
injected into the confined aquifer of the Salawusu Forma-
tion. After 249.6 h, a change in tracer concentration was
detected underground, with a duration of 13.92 h. Although
preliminary data such as geological structures and borehole
exposures indicate that under mining-induced damage con-
ditions, the highest development of conduit channels occurs
in the weathered bedrock section of the stable formation
and does not directly connect to the confined aquifer of the
Salawusu Formation, the aquitard between the two aquifers
is relatively weak in this area and is also affected by mining-
induced damage. Therefore, after the sodium fluorescein
tracer entered the weathered rock aquifer, it followed the
conduit channels formed by mining-induced damage and
flowed into the goaf area. Based on the results of the third
tracer experiment, it can be inferred that there is a hydraulic
connection between the confined aquifer of the Salawusu
Formation and the weathered bedrock aquifer of the stable
formation, serving as an indirect water source for the mining
face (Zeng et al. 2024).

In summary, the groundwater flow process can be divided
into two stages. The first stage is rapid inflow into the mine
through the main channel, which enters from the Zhiluo For-
mation, the weathered bedrock, and the Quaternary aquifer
for 2, 48, and 389 h, respectively. The second stage involves
entry into the mine with natural diffusion of the tracer and
hydraulic exchange between aquifers. In this second stage,
the monitoring is limited to the tracers in the weathered
bedrock. It is hypothesized that the tracers of the Zhiluo
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Formation all entered the mine in the first stage. Tracers
from the Quaternary aquifer flowed into the mine after a
long period of time, resulting in very low concentrations
that made monitoring during the second phase challenging.

Limitations of Tracer Tests in Fractured Aquifers

Tracer tests in karst groundwater systems and subterranean
rivers are highly effective in accurately understanding the
seepage characteristics of groundwater, providing advan-
tages in both temporal and spatial aspects (Peely et al. 2021).
However, there are limitations when conducting such tests
in fractured aquifers. To address these limitations, we made
thorough preparations in the preliminary stage and addi-
tionally set up an injection well. The experimental results
show that the method worked well in vertically developed
fractures with good hydraulic conductivity. However, when
we conducted experiments in hydrological monitoring wells
located = 1 km from the injection well horizontally, we did
not obtain effective monitoring results. One possible rea-
son is that the transport time of groundwater was too long
relative to our monitoring period. Another more important
factor is the heterogeneity of fractured aquifers, which can
unexpectedly divert the tracer-laden groundwater to different
locations (Sommer et al. 2013).

It is essential to accurately grasp the true development
height and conditions of water-conducting fracture zones
during coal mining operations. This study, as a low-cost
monitoring method, utilized on-site borehole investiga-
tions. It not only enables a more accurate determination of
the development height of water-conducting fracture zones
but also provides quantitative information about the seep-
age time and patterns of groundwater. Mining personnel can
conduct subsequent mining activities more effectively and
safely, based on the aforementioned information.

Conclusions

Fractured aquifers are typically non-homogeneous, mak-
ing it challenging to study the sources and paths of mine
water inflow using artificial tracer tests, which otherwise
have the advantage of being very intuitive. In this study,
a combination of PMHOTT and artificial tracer technique
allowed us to successfully monitor groundwater inflow from
multiple aquifers into a mine. The flow field was measured
using PMHOTT to determine the velocity and direction of
horizontal groundwater flow, which was then corrected to
accurately identify the distributional characteristics of the
groundwater flow cones affected by mining activities. Trac-
ers were subsequently injected at the flow cone center, and
the vertical seepage characteristics of groundwater were
determined by real-time monitoring in the mine.

The results of the study showed that the corrected flow
field, measured using PMHOTT, overcame the limitations of
traditional methods that lacked sufficient observation bore-
holes for long-term water level monitoring. This approach
accurately captured changes in the flow field in the areas
primarily affected by mining activities. Additionally, the
hydraulic conductivity coefficient of the aquifer was deter-
mined by quantifying the relationship between the flow rate
in the wells and aquifers. The Quaternary and weathered
bedrock aquifers had hydraulic conductivity coefficients
ranging from 10~ 18 to 1 ~ 10 m/d, respectively.

The tracer tests revealed that the mine receives ground-
water inflow from all three aquifers located above the coal
seam. This inflow process unfolds in two stages: initially,
water swiftly enters the mine via the primary channel, infil-
trating from the Zhiluo Formation, weathered bedrock, and
Quaternary aquifer within 2, 48, and 389 h, correspondingly.
Subsequently, the second stage involves natural diffusion
of the tracer and hydraulic exchange between aquifers as it
enters the mine.

In conclusion, this methodology reduced uncertainties
associated with traditional methods and expands the appli-
cability of artificial tracer experiments in fractured aquifers.
Furthermore, the approach can help predict and prevent
mine water disasters at sites with hydrogeologically com-
plex conditions.
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