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Abstract

Water seepage is one of the main factors leading to the damage of grottoes. The sources and pathways of water
seepage need to be identified to relieve it. Although the sources and pathways are investigated using geophysical
exploration methods commonly, the results are unsatisfactory due to the limitation of resolution. The tracer method
has been widely used to examine water seepage in the natural sciences and engineering. However, most tracers
have an impact on grottoes, making this method inapplicable. This study was the first to use the carbon quantum
dots as a tracer of water seepage in grottoes. The characteristics of the carbon quantum dots, which was synthesized
by various biomass precursors through large-scale synthesis in the field, were analyzed to determine the optimal
precursor. The structure, fluorescence intensity, and water solubility of the carbon quantum dots were evaluated.
Laboratory tests were designed to examine the transport properties of the carbon quantum dots in rocks and cracks.
The results showed that the carbon quantum dots synthesized by Ginkgo biloba were small and had uniform size,
excellent fluorescence, good water solubility and transport ability. Furthermore, the carbon quantum dots were suc-
cessfully used to tracing the source of water seepage at the chest of the Leshan Giant Buddha. The low cost of syn-
thesis, wide precursors, easy and convenient synthesis methods, friendliness to grottoes, and excellent performance
of the carbon quantum dots as a tracer suggest the efficacy of this method. These findings could lead to the wide-
spread use of tracer method in studies of water seepage in grottoes.
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Introduction

Grotto is an important part of human cultural herit-
age, with a long history, art, science, and technology
value. They are valuable resources for understanding
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the cultural process of human civilization and historical
evolution [1]. Most grottoes in China are built on moun-
tains, such as the Leshan Giant Buddha (LGB) and Long-
men, Yungang, and Maiji Mountain Grottoes. Long-term
weathering and human activities result in damage to
grottoes. Water seepage is a significant issue that not only
threatens the appearance of grottoes but also affects their
main structure. Damage from water seepage has been
observed in the JinDeng Temple, Yungang Grottoes, and
LGB, besides, spalling and peeling of frescoes was noted
in the Mogao Grottoes [2—4].

Water seepage can be relieved by identifying the water
source or blocking the pathways between the water
source and grottoes [5-7]. Therefore, identifying the
sources and pathways is necessary to relieve the issue
of water seepage. Grottoes are fragile and must not be
damaged during the research process; therefore, most
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methods, which are used in natural sciences and engi-
neering for studying water seepage are restricted or pro-
hibited in grottoes.

Geophysical exploration methods commonly used in
the study of water seepage analyses in grottoes include
ground-penetrating radar, electrical detection, acoustic
exploration, ground nuclear magnetic resonance, and
infrared thermography [8, 9]. Most water seepage path-
ways in grottoes are located in mountains and are deep
underground. The nondestructive detection of seepage
pathways through geophysical exploration methods is
affected by resolution, making it difficult to accurately
detect seepage pathways and resulting in unsatisfac-
tory results regarding water seepage in grottoes [10, 11].
Besides, monitoring of seepage water volume and water
content in rocks and soils, to understand their response
to precipitation could summarize the distribution char-
acteristics of water seepage damage, developmental pat-
terns, and spatial and temporal variations [12, 13]. It
provides a basis for investigating the source of water
seepage, but it is difficult to identify the source and path-
ways of water seepage. Therefore, modifying existing
geophysical exploration methods and identifying new
methods to research the sources and pathways of water
seepage in grottoes is important.

The tracer method is widely used in natural science
and engineering to examine the sources and pathways
of water seepage. It mainly involves putting tracers,
such as dyes, fluorescents, salts, and isotopes, in the sus-
pected seepage location and detecting the tracers at the
water seepage point and seepage pathways [14, 15]. This
method is a direct and effective method to identify the
sources and pathways of water seepage. Scholars have
studied the source of water in the cliffs of the Mogao
Grottoes through the tracer method with stable isotopes.
It was found that water vapour from phreatic water
evaporation transports to the cliffs and becomes one of
the main reasons for the peeling off of wall paintings in
the Mogao Grottoes [16]. Hydrogen and oxygen, as the
constituent elements of water, have strong advantages as
tracer, but the measurement cost is expensive [17, 18].
Besides, §°H and §'80 are changed due to evaporation
during the seepage process, which will be errors in the
process of identifying the source of water seepage, and
other methods are needed to further support the results
[19]. The sources of water seepage could be determined
more accurately by artificial tracers, however, it is rarely
used in grottoes, as most tracers are damaging. Identify-
ing a non-destructive tracer for grottoes is a priority.

The unique physical and chemical properties of fluo-
rescent nanoparticles have led to widespread interest in
sensing and imaging analyses. Additionally, the efficacy
of nanomaterials as tracers and their transportability in
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porous media due to their good water solubility have
been demonstrated [20—22]. For instance, nanomaterials
have been successfully applied to characterize oil reser-
voirs and trace groundwater flows in porous media [4, 23,
24].

Carbon quantum dots (CQDs) are new fluorescent
nanoparticles with low cytotoxicity, good biocompat-
ibility, excellent fluorescence, various synthesis methods,
and ease of detection. CQDs is an excellent alternative to
traditional fluorescent nanomaterials and are widely used
in the fields of pharmaceuticals, biology, food, medicine,
and the environment [25, 26]. Although studies on using
CQDs as water seepage tracer are scarce, CQDs is supe-
rior to traditional nanomaterials owing to their excellent
fluorescence, good water solubility, low cytotoxicity, and
environmental friendliness [27]. Additionally, the use of
CQDs as a tracer of water seepage in grottoes is promis-
ing because of their nondamaging nature.

The characteristics of the CQDs depend on precursor,
synthesis method, solvent type, and synthesis time [28].
Different synthesis methods and precursors result in dif-
ferent water solubilities and fluorescence of the CQDs.
This study aimed to identify an effective precursor with
large-scare synthesis method and evaluate the feasibility
of using the CQDs obtained with this method to trace the
sources and pathways of water seepage in grottoes. This
study examined the source of water seepage from the
chest of the LGB using the CQDs as a tracer.

Materials and methods

Materials of the CQDs synthesis

This study used 1300 g of fresh Ginkgo biloba, Osman-
thus flowers, Osmanthus leaves, Willow leaves, and
Sequoia leaves as precursors, respectively. The precur-
sors were washed three times with deionized water (DI
water), then placed in a 15 L pressure cooker with 13 L
of DI water and heated for 3 h (Fig. 1). The mixture was
then cooled to room temperature. The liquid portion of
the mixture was isolated by filtration, followed by cen-
trifugation at 12,000 rpm for 10 min to remove smaller
impurities. The resulting supernatant containing fluores-
cent CQDs was dialyzed against DI water for two days
to remove all inorganic ions and molecules and obtain a
pure CQDs solution, which was subsequently character-
ized. The fluorescence quantum yield, particle charac-
teristics, and minimum detectable concentration of the
CQDs synthesized from the different precursors were
subsequently analyzed, and the optimal precursor was
selected for further analysis.

Measurement of the CQDs
Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) images were acquired
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Precursors

Fig. 1 Diagram of the CQDs synthesis

using JEM-2100 F TEM operating (JEOL, Japan) at an
acceleration voltage of 200 kV. X-ray diffraction (XRD)
of the CQDs was performed using D/Max-2400 X-ray
diffractometer (Rigaku, Japan) with Cu Ka radiation.
Fourier-transform infrared (FTIR) spectroscopy was
conducted using Thermo Nicolet Nexus FTIR Model
670 spectrometer (Thermo Fisher Scientific, USA). X-ray
photoelectron spectroscopy (XPS) was performed using
ESCALAB 250xi photoelectron spectrometer (Thermo
Fisher Scientific, USA). PL measurements were con-
ducted using FLS 1000 steady state/transient state spec-
troxsort (Edinburgh Instruments, UK).

The Photoluminescence Quantum Yield (PLQY) of the
CQDs, which refers to the efficiency of light emission
from the CQDs upon excitation was calculated using the
following equation [29]:

Pressure cooker
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where ¢ and ¢’ are the PLQY of the sample and standard,
respectively; sample and standard are the slopes of the
plot of integrated fluorescence intensity vs. absorbance;

and sample and standard are the refractive indices of the
solvent.

Laboratory tracer tests

The rock samples, which were used in the laboratory
tracer tests were from a quarry around the LGB and sedi-
mentary rock, which was the same material as the LGB
(Fig. 2). The rock samples are cylinders with a height and
diameter of 25 cm and 8 cm respectively. Six tests were
conducted to compare the fluorescence changes of the
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Fig. 2 The rock samples used in the laboratory tracer tests (a) and the test device for laboratory tracer tests (b)
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solution after passing rock sample with different con-
centrations of the CQDs solutions (ratios of the origi-
nal CQDs solution to DI water: 1:50, 1:100, 1:200, 1:300,
1:400, and 1:500) and assess the transport properties of
the CQDs.

The laboratory tracer tests were carried out in a self-
developed test device, which mainly consists of a pres-
sure chamber, rock permeability chamber, pipes for
tracer injection and outlet, and a pipe for water inlet
(Fig. 2). The rock sample was placed into the rock pen-
etration chamber, which is separated from the pressure
chamber by rubber film. Prior to the test, DI water was
flowed into the pressure chamber through the pipe for
water inlet and the water head of the pressure chamber
was higher than that of the rock permeability chamber to
ensure that the tracer can’t flow out of the rock sample
from the side during the test process. The CQDs solution
was injected into rock permeability chamber through the
pipe for tracer injection, while the seepage solution was
collected from pipes for tracer outlet. The fluorescence of
the CQDs solutions injected and collected from pipes for
tracer outlet were compared and analyzed. Additionally,
to prevent the solution of the previous test from remain-
ing inside the rock sample and affecting its detection
accuracy in the next test, the rock sample was rinsed with
DI water after every test to minimize errors. The rinsing
process involves the continuous injection of DI water,
with a volume of 1 L, into the rock sample through the
pipe for tracer injection.

Tracer test for water seepage of LGB

The solution, obtained by mixing the original solution of
the CQDs with water (1:1), was injected into the water
accumulation point on Lingyun Mountain, the foot of
which was built into the LGB. Water seepage samples
were collected continuously from the cracks in the chest
of the LGB (collection times were 1, 52, 54, 56, 58, and
60 h after injection of the CQDs solution). High-den-
sity polyethylene bottles (100 ml) were used for sam-
pling. After sampling was completed, the samples were
sealed and brought back to the laboratory to measure
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fluorescence. The test was permitted by Leshan Giant
Buddha Grotto Research Institute.

Results and discussion

CQDs synthesized by different precursors

Before using CQDs to trace water seepage in grottoes,
it is necessary to pre-rear them on a large scale in field
and maintain similar physical properties. CQDs can be
synthesized by various precursors, and their yields and
morphologies vary significantly based on precursors;
therefore, the selection of a suitable precursor is a pre-
requisite for the large-scale use of CQDs as a tracer [30,
31]. CQDs synthesized by green precursors have signifi-
cant potential for tracing water seepage in grottoes owing
to their low cytotoxicity [32, 33].

A high yield and fluorescence of the CQDs signifi-
cantly reduces costs and detection difficulty, respectively.
Meanwhile, a uniform distribution and small size result
in stronger transport of the CQDs [34]. When the CQDs
are transported with groundwater, the CQDs solution
will be diluted due to mixing with other water. There-
fore, minimal detectable concentration is a key to tracing
water seepage using CQDs. To identify suitable precur-
sors, a lot of natural green plants (leaves or flowers) were
sampled to synthesize the CQDs. The CQDs synthesized
using green plants had different yields, morphologies,
and minimum detectable concentrations. Most green
plants cannot synthesize CQDs in large quantities. Five
green plants were selected, and the synthesized CQDs
were analyzed in detail.

The yields, size characteristics, fluorescence quantum
yields, and minimum detectable concentrations of the
CQDs solutions synthesized from the five precursors
(Ginkgo biloba leaves, Osmanthus cinnamomi flow-
ers, Osmanthus cinnamomi leaves, Willow leaves, and
Metasequoia leaves) are listed in Table 1. The highest
yield of the CQDs was synthesized from Ginkgo biloba,
followed by Osmanthus flowers, Osmanthus leaves, Wil-
low leaves, and Metasequoia leaves.

The CQDs synthesized from willow leaves had no
obvious granularity, whereas those from the other
precursors had uniform particles and smaller average

Table 1 Characteristics of the CQDs synthesized from various precursors

Characteristics

Ginkgo biloba leaves Osmanthus flowers Osmanthus leaves Willow leaves

Metasequoia leaves

CQDs yields 40 mg/500 g 1.5mg/500 g
Size distribution 2-6nm 2-8nm
Mean size 3.1 nm 44nm
Fluorescence quantum yields 6.2% 0.9%
Minimum detectable concentra- 2.0 ng/L 220 ng/L

tions

2.5mg/500 g 6 mg/500 g 4 mg/500 g
2-9nm Unobvious granularity 2-7 nm

43 nm Unobvious granularity 3.6 nm
1.3% 0.6% 1.1%

170 ng/L 180 ng/L 150 ng/L




Sun et al. Heritage Science (2023) 11:211

size. Ginkgo biloba leaves had the most uniform parti-
cle (70% of the CQDs were distributed between 3 and
4 nm) and smallest average size (Fig. 3). The fluores-
cence quantum yield of Ginkgo biloba leaves exceeded
that of Osmanthus flowers, and Osmanthus, Willow,
and Metasequoia leaves. The minimum detectable con-
centration of the CQDs synthesized from Ginkgo biloba
leaves was approximately 1/100 of that of Osman-
thus flowers, and Osmanthus, Willow, Metasequoia
leaves. As such, the CQDs synthesized from Ginkgo
biloba leaves had the highest yield, uniform particle
size, smallest size, highest fluorescence quantum yield,
and lowest detectable concentration. Additionally, the
CQDs were synthesized in an autoclave, which allowed
synthesis in large quantities in the field. This method
saved considerable labor and material resources com-
pared to the hydrothermal synthesis method, which
requires large energy consumption in the laboratory.
Furthermore, the ubiquity of the precursors in nature
greatly enhances the feasibility of using the CQDs as a
tracer for studying water seepage in grottoes.

2 2 & ¢
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Characterization of CQDs

Unharmful to grottoes is a prerequisite for tracing water
seepage; however, most tracers, such as NaCl, KI and
fluorescent dyes, are colored or likely to crystallize in
seepage pathways [14]. Crystallization of the tracer in
the seepage pathways may lead to the formation of new
cracks, resulting in more severe seepage pathways; thus,
the tracer method has not been widely used in the water
seepage of grottoes [35]. Good water solubility and amor-
phous of the tracer during the tracing process are the
basis for examining water seepage in grottoes.

The TEM image revealed that the CQDs were spheri-
cal and well dispersed in water (Fig. 3). No distinct lat-
tice fringes appeared in the SAED image, indicating
that the CQDs had an amorphous structure, which was
consistent with the XRD results (Fig. 3). The XRD pat-
tern exhibited one broad diffraction peak at 26=20.8",
which could be attributed to amorphous carbon [36]. The
amorphous structure prevented crystallization in cracks
that occurs with KI, which is a widely used tracer. There-
fore, the ultrasmall size and amorphous structure of the

Intensity (a.u.)

10 20 30 40

50 60 70 80 90

20 (dégree)

Fig. 3 TEM and HRTEM image of the CQDs (a, b) and XRD pattern of the CQDs (c)
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CQDs suggest their potential application in water seep-
age studies.

Water solubility is another important indicator for
tracer to study water seepage. FTIR spectroscopy and
XPS were used to identify the functional groups in the
CQDs. As shown in Fig. 4a, the CQDs exhibited a main
characteristic absorption band of O-H stretching vibra-
tion mode at 3374.9 cm™, whereas a C-H stretching
vibration band appeared at 2931.3 cm™!, and the band
at 1658.5 cm™! corresponded to C=C stretching vibra-
tion band. The small vibration band at 1716.4 cm™! was
attributed to the carbonyl (C=0) groups. Three weak
peaks at 1523.5, 1079.9, and 1033.7 cm™" were assigned
to N-H, C-O-C, and C-O functional groups, respectively
[37]. XPS was used to characterize the functional groups
on the surface of the CQDs. A wide XPS survey scan
was conducted, and the results are shown in Fig. 4b. The
results indicated that the CQDs mainly contained carbon
and oxygen, with a small amount of nitrogen. The C:O:N
atomic ratio calculated from the XPS spectrum was
40.4:15.4:2.2. As shown in Fig. 4c, the Cls feature was
deconvoluted into five unit moieties: C-C with a binding
energy at 282.6 eV, C-N at 285.9 eV, C=C at 284.2 eV,
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C-0 at 285.2 eV, and C=0 at 286.5 eV. The Ols feature
(Fig. 4d) was deconvoluted into peaks at 529.1, 530.7, and
530.0 eV, corresponding to C-O, C=0, and C-O groups,
respectively [38]. FTIR spectroscopy and XPS results
indicated the presence of a significant density of carbox-
ylic acid and hydroxyl groups in the CQDs, implying that
the CQDs should be stable against aggregation and set-
tling in water. Furthermore, the good dispersion of the
CQDs, as shown in the TEM images, suggested good
water solubility.

The fluorescence properties of the CQDs are critical as
a tracer. To investigate the fluorescence properties of the
CQDs, a detailed PL study was conducted at different exci-
tation wavelengths. In these measurements, the emission
peaks shifted from 433.6 to 553.6 nm with an increase in
excitation wavelength from 300 to 500 nm (Fig. 5a). The
unique excitation-dependent PL behavior is beneficial for
water seepage tracing, as it allows CQDs to be easily iden-
tified in the natural environment, especially when sepa-
rated from materials with PL performance. To account for
possible dilution by natural sources of water, such as pre-
cipitation, PL spectra of the CQDs solutions of different
concentrations were measured. As shown in Fig. 5b, the
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Fig.4 a FTIR spectrum of the CQDs; b wide XPS survey spectrum of the CQDs; ¢ C, detailed spectrum; d O, detailed spectrum of the CQDs
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Fig. 5 a PL spectra of CQDs with excitation wavelengths ranging from 300 to 500 nm, inset: normalized PL spectra, b PL spectra of CQDs
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Fig. 6 Fluorescence intensity of the CQDs solutions of various
concentration before and after flowing through rock sample
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PL signal was detected even when the CQDs solution was
attenuated 1000 times. The calculated PLQY of the CQDs
solution was as high as 6.2% (details in CQDs synthesized
by different precursors), which was comparable to that of
previously reported CQDs [39]. In summary, CQDs can be
used as a tracer to examine water seepage in grottoes.

Ability of CQDs to flow with water

To evaluate the ability of the CQDs to trace water seep-
age in grottoes, it is important to examine their ability to
flow with water through rocks and cracks [40]. The flu-
orescence of the CQDs solution decayed after injection
into the rock samples. However, the degree differed with
different concentrations of the CQDs (Fig. 6). Due to
the similarity of the results of the laboratory tracer tests
through the two rock samples, only the tracer results of
one rock sample are analyzed in the paper.

The solution, when mixed with the original CQDs solu-
tion in a 1:50 ratio of water, exhibited higher fluorescence
intensity compared to the other solutions. However, the
fluorescence intensity decayed significantly (20%) after
flowing through the rock sample. Among the six tests, the
solution with a 1:300 ratio of the original CQDs solution
to water flowed through the rock sample with the highest
fluorescence decay of 23%. The fluorescence intensity of
the solutions, which are formed from the original CQDs
solution and water in ratios of 1:100, 1:200, 1:400, and
1:500 decay is lower than 15% after flowing through the
rock sample and were 12%, 13%, 7%, and 9%, respectively.

There were two main reasons for the decay in the fluo-
rescence of the CQDs solution after flowing out of a rock
sample. As the rock sample were rinsed with DI water
before each test, a lot of DI water was preserved in the
rock, and the CQDs solution, injected into the rock sam-
ple mixed with the DI water in the rock sample, resulting
in dilution of the CQDs solution, which led to fluores-
cence intensity decay. In addition, all fluorescent tracers
have a hysteresis in the process of flowing with water,
and the CQDs did not completely flows out of the rock
sample while gravitational water flows out completely
during the tracing process, resulting in fluorescence
intensity decay. The rock sample was treated in the same
manner before every test and was the same in all tests.
It was hypothesized that the dilution of the CQDs solu-
tion with water in the rock sample was the same. Further-
more, the small amount of water in the rock sample had
less of an effect on the dilution of the highly concentrated
CQDs solutions. Therefore, the difference in the decay of
the different concentrations of the CQDs solutions after
flowing through the rock sample was mainly due to the
difference in the amount of CQDs retained in the rock
sample.
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The six tests indicated that most of the CQDs flowed
out of the rock sample with the water. Although some
CQDs were retained in the rock sample, their quantity
was small, relative to the total CQDs. The CQDs were
amorphous and did not widen the cracks or form new
cracks in the rock. Moreover, owing to good water solu-
bility, the CQDs retained in the seepage pathways flowed
out under prolonged water flow after tracer tests in field.
Therefore, CQDs were shown to be excellent tracers of
the sources and pathways of water seepage in grottoes.

CQDs transport properties for LGB

The LGB is the largest stone of the Maitreya Buddha sit-
ting statue and is over one thousand years old. Owing
to long-term weathering, LGB has suffered a variety of
damage, with water seepage cited as the primary cause.
Cracks were found on the chest of the LGB, and there
was evident water seepage that seriously threatened the
longevity of the LGB (Fig. 7). Finding the source of water
seepage in the chest of the LGB is a top priority for solv-
ing water seepage.

As the CQDs has an ultrasmall size, amorphous struc-
ture, good water solubility, and PL performance, it is a
good choice for tracing in grottoes. The synthesis method
which was shown in this study, produced low-cost with
high productivity. To further examine the performance of
the CQDs as a tracer, a test was conducted on the LGB
using the CQDs solution to trace the source of water
seepage. The PL spectrum was detected at the chest of
the LGB with excitation wavelengths of 320 and 400 nm.

A
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Fig. 7 a Photos of LGB; b and ¢ the cracks on the chest of the LGB
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Significant fluorescence was detected in all the water
samples collected from the chest of the LGB after the
CQDs were injected into the water accumulation point
on Lingyun Mountain. There was a weak fluorescence
in the water samples 1 h after the injection of the CQDs,
and the fluorescence was the highest at 52 h. After this,
the fluorescence gradually weakened and was weaker
at 60 h than at 1 h (Fig. 8). Tracing test showed that the
water in Lingyun Mountain was the source of water seep-
age from the chest of the Big Buddha. During the whole

—— 1h after injection

—— 52 h after injection
—— 54h after injection
——56h after injection
—58h after injection

—— 60h after injection

Intensity (a.u.)

| 1 | I I I I 1
390 420 450 480 510 540 570 600 630

Fig. 8 Fluorescence intensity in the water samples collected
from the cracks of the LGB's chest after the CQDs solutions were
injected into the water accumulation point on Lingyun Mountain
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test period, the fastest rate of fluorescence intensity
weakening was observed between 52 and 54 h, suggesting
that most of the CQDs flowed out of the water seepage
pathways in this period.

The weak fluorescence intensity of the water samples
at 60 h indicated that most of the CQDs already flowed
out. Therefore, the transport time for the water from the
area where the CQDs were injected to the cracks at the
chest of the LGB was less than 60 h, and the transport
time of water flowing in the cracks was between 52 and
54 h. The results of tracer tests on LGB demonstrated
that the CQDs are good tracers of sources and pathways
of water seepage in grottoes owing to their high accuracy,
low cost, safety, and reliability.

Conclusions

In this study, the CQDs was considered as a tracer to
study the sources and pathways of water seepage in grot-
toes. An effective precursor with large-scare synthesis
method was selected and the characterization of obtained
CQDs was analyzed. In addition, laboratory tracer tests
were carried out to understand the transport properties
of the CQDs and it was used to identify the sources of
water seepage in the chest of the LGB. The results dem-
onstrated that the synthesis, characterization, and testing
of the CQDs provide the foundation for their future use
as a tracer of water seepage in grottoes.

The CQDs synthesized from Ginkgo biloba leaves had
smaller and uniform particles, amorphous structure with
high fluorescence quantum yield, minimum detectable
concentrations and good water solubility. Laboratory
tests revealed that the fluorescence of the CQDs solu-
tions of various concentrations decayed after flowing
through rock sample; however, the degree of decay was
low, indicating that the CQDs had a strong transportation
ability in water flow. These characteristics ensured that
the CQDs could flow out of the seepage pathways with
water, and the small amount remaining in the pathways
would not crystallize and damage grottoes. The success-
ful injection of the CQDs solution into the precipitation
accumulation point on Lingyun Mountain and the detec-
tion of the fluorescence characteristics of the water in the
chest demonstrated that the accumulation point on the
mountain was one source of water seepage in the chest.
The transportation time of water from the accumulation
point to the chest of the LGB was determined to be less
than 60 h based on the fluorescence of the seepage water
collected at different times.

The results of this study indicated that the CQDs are an
excellent tracer of water seepage in grottoes. Moreover,
all steps, including tracer synthesis, seepage detection,
and analysis, could be conducted in the field if miniatur-
ized PL equipment is used, greatly improving efficiency
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and reducing costs. Because the PL emission peak of the
CQDs is not obvious, the concentration of the CQDs
cannot be obtained, so that the water velocity only esti-
mated through the variation of fluorescence intensity of
the CQDs with time the rather than the tracer dilution
theory. It is necessary to search for a more suitable pre-
cursor in the next study, and improve the suitability of
the CQDs as a tracer to make it more suitable for tracing
the water seepage in the grottoes. Currently, the CQDs
have some limitations, but it opens a new horizon for the
tracer method to be widely used to trace water seepage
and provide new ideas for the study of water seepage in
grottoes.
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