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Article 

Characteristics and Research Significance of  

Micro-Nanoparticles in Geothermal Fluids in the 

Central Area of Shandong Province 

Lei Zuo, Peng Zhang, Yaqin Wang, Rui Liu * and Guangxi Ma * 

School of Resources and Environmental Engineering, Shandong University of Technology,  
Zibo 255000, China 
* Correspondence: liurui@sdut.edu.cn (R.L.); sdut_mgx@sdut.edu.cn (G.M.) 

Abstract: The characteristics of micro-nanoparticles in geothermal fluids have the potential for 
applications in the detection of deeply concealed geothermal resources. Observations made using a 
nanoparticle tracking analyzer (NTA) revealed that the karst geothermal fluids collected in the 
central area of Shandong Province (specifically Jinan and Zibo) contain a substantial number of 
natural micro-nanoparticles, primarily ranging in size from 100 nm to 5 μm. The micro-
nanoparticles were subjected to analysis for their type, shape, crystal structure, and chemical 
composition in the samples using transmission electron microscopy (TEM). TEM images and energy 
dispersive spectroscopy indicated that these micro-nanoparticles in the geothermal fluid samples 
were predominantly amorphous, irregular, or nearly spherical, often exhibiting rough edges. 
Furthermore, these micro-nanoparticles were found to be primarily composed of carbonates, 
sulfates, and chlorine-containing elements like Fe, Ca, Na, and Mg. The characteristics of these 
particles can provide valuable insights into the properties of high-temperature reservoirs and 
aquifers from which they originate. Consequently, we firmly believe that natural micro-
nanoparticles can play a vital role in the detection and study of concealed geothermal resources 
within the Earth. This represents a novel approach to exploring and understanding these hidden 
geothermal resources. 

Keywords: geothermal fluids; micro-nanoparticles; TEM; NTA; deep hidden geothermal resources; 
central area of Shandong Province 

 

1. Introduction 

The Earth's interior holds a substantial amount of thermal energy [1–3]. When this thermal 
energy interacts with a well-developed geothermal reservoir (comprising rock or fluid), it heats the 
reservoir, forming exploitable geothermal resources [4–7]. These geothermal resources come in 
various types, boasting vast reserves and a wide distribution [8–10]. Moreover, geothermal resources 
play a pivotal role in achieving carbon neutrality and carbon peaking, as they represent renewable, 
clean, stable, and non-carbon-based energy sources [11]. This makes them essential for both economic 
and social development and environmental protection. Currently, research on geothermal resources 
is still in its early stages, and the exploration of deep geothermal resources remains a complex and 
insufficiently explored domain. China, however, is endowed with abundant and widely distributed 
geothermal resources, primarily concentrated within tectonically active zones and large sedimentary 
basins. These resources exhibit distinct regularity and zoning [12–14]. Geothermal resources are 
commonly found in Shandong Province, with geothermal outcrops and exposures prevalent in the 
central, western, and northern regions. However, there remains room for higher degrees of 
exploration, development, and overall utilization of these resources. Furthermore, research and 
exploration of geothermal resources are currently insufficient, and this is particularly true for deep-
seated, concealed geothermal resources. In the past, exploration of deeply concealed mineral 
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resources relied on geophysical [15,16], geochemical [17], and other methods. Hydrogeochemical 
techniques, for example, identify concealed mineral resource deposits based on the elemental 
composition of water bodies [18]. However, traditional hydrogeochemical research methods have 
their limitations in uncovering deeply concealed minerals and understanding the biological processes 
taking place in the environment [19]. The approach of prospecting for concealed ore bodies based on 
the characteristics of natural nanoparticles was initially introduced by Cao et al. [20]. Natural 
nanoparticles originate from geochemical and biological processes and are abundant in soil and 
groundwater [21]. Due to their distinct physicochemical properties, nanoparticles can provide unique 
insights into their surroundings [22,23]. They have the ability to persist for extended periods and 
often transport elements [24]. Natural nanoparticles can convey valuable information about 
geological formations deep within the Earth [25]. As a result, characterizing nanoparticles is 
considered an indispensable tool for mineral exploration. 

Geothermal energy serves as one of the driving forces behind the migration of nanoscale 
materials [26]. Regions with substantial geothermal gradients often witness pronounced material 
migration [27]. Experimental simulations have illustrated that the greater the temperature disparity 
between the geological structure and the surface, the more accelerated the material migration rate 
within the geological body [28]. Prior research has also established a strong connection between 
nanomaterials and deep-seated geological formations. Hence, the utilization of nanominerals present 
in geothermal fluids for the study of geothermal resources proves to be advantageous. 

In this study, we employed transmission electron microscopy (TEM) to examine micro-
nanoparticles in geothermal fluid samples collected from the central region of Shandong Province, 
specifically Jinan and Zibo. The investigation delves into the relationship between nanoparticles in 
geothermal fluids and the deeper geothermal formations. This exploration is conducted through an 
analysis of micro-nanoparticle characteristics, including morphology, size, crystallization state, 
polymerization state, chemical composition, and elemental distribution. The anticipated outcome of 
this study is to provide new avenues and methodologies for the exploration of concealed deep 
geothermal resources. 

2. Geological Setting 

The geographical features in the central region of Shandong Province encompass a diverse 
landscape comprising mountains, plains, hills, and river valleys. The topography is elevated in the 
southern part and gradually descends towards the north. For the purposes of this study, the study 
areas selected for examination were the regions of Jinan and Zibo. 

Jinan is situated at the northern periphery of the Luzhong Mountains, bordered by Mount 
Taishan to the south and the Yellow River to the north. The exposed geological strata in the region 
span from ancient to more recent formations. The development of fault structures in Jinan is 
predominantly influenced by the Qihe-Guangrao Fault, resulting in the presence of abundant 
geothermal resources. The area bears a wealth of evidence of magmatic activity, primarily occurring 
during the late Indochina-Yanshan orogeny. The existence of magmatic rock formations has played 
a pivotal role in the creation of geothermal resources in Jinan. These geothermal resources are 
primarily concentrated in the northern part of Jinan. The thermal reservoirs mainly consist of aquifers 
developed within Ordovician limestone fracture karst zones, overlaid by Quaternary, Neogene, 
Permian, and Carboniferous strata. Li et al. [29] determined that the origin of geothermal fluids in 
Jinan is primarily from atmospheric precipitation, driven by deep circulation and subsequent heating 
by surrounding rocks, ultimately forming geothermal reservoirs. The level of mineralization in these 
geothermal fluids demonstrates a declining pattern from east to west, with a sequential change in 
hydrochemical composition from Cl·SO4—Na·Ca to SO4·Cl—Ca·Na, followed by SO4—Ca. The 
geothermal fluids in Jinan exhibit varying degrees of enrichment in numerous trace elements and 
components known to be beneficial for human health, including fluorine, strontium, and metasilicic 
acid.  

Zibo is situated within the Luzhong rupture area, which slopes backward, at the northern edge 
of the North China Platform Luxi platform. It is surrounded by mountainous terrain to the east, west, 
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and south, creating an elevation that decreases from south to north, influenced by the local geological 
structure. The southern end of the Zibo syncline is closed and uplifted, while the eastern and western 
regions exhibit higher elevations. The central region, in contrast, is characterized by low and flat 
topography, opening northward and resembling a dustpan. The area features surface exposures of 
Neoarchean, Paleozoic, Mesozoic, and Cenozoic strata. The fault structure in this region is notably 
well-developed, with extension fractures being the primary fault type. These faults primarily formed 
during the later stages of the Indochina-Yanshan movement. The extensive development of fault 
structures enhances the occurrence and migration of geothermal fluids. The area also displays 
substantial evidence of magmatic activity, with widely distributed magmatic rocks showcasing 
characteristics of multiphase activity. The geographical and geological characteristics of the area 
define it as a relatively self-contained hydrogeological unit. The primary source of geothermal fluids 
in this region is atmospheric precipitation, driven by deep circulation and subsequent heating by 
surrounding rocks to create geothermal reservoirs. The thermal reservoirs predominantly consist of 
aquifers within Ordovician limestone, and the hydrochemical composition of the geothermal fluids 
can be categorized as SO4·Cl—Na·Ca. 

3. Sampling and Analytical Methods 

3.1. Sampling Sites 

Six geothermal fluid samples were collected, with five samples originating from Jinan and one 
from Zibo. The exact sampling points are depicted in Figure 1. The samples were collected using 50 
mL volumetric flasks. These flasks were initially rinsed with a small quantity of water, then filled 
with the water samples (each exceeding 30 mL). The flasks were securely sealed and stored until they 
were ready for analysis. 

 
Figure 1. Locations of the sampling points. 

3.2. Analytical Methods 

The sizes and concentrations of particles in the groundwater samples were determined through 
nanoparticle tracking analysis (NTA) using a ZetaView PMX 110 instrument manufactured by 
Particle Metrix, based in Meerbusch, Germany. The corresponding ZetaView 8.04.02 software was 
utilized for data analysis. NTA measurements were recorded and analyzed at eleven different 
positions. To maintain the desired temperatures of approximately 23°C and 30°C, the ZetaView 
system was calibrated using 110 nm polystyrene particles. 

Transmission electron microscopy (TEM) was employed for nanoparticle analysis. The 
maximum acceleration voltage for TEM was set at 200 kV. TEM foils were prepared by extracting 
nanoparticles and attaching them to Cu grids through Pt welding, followed by thinning to achieve 
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thicknesses ranging from 50 to 70 nm. High-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) imaging was carried out using a high-resolution, probe-corrected FEI 
Titan Themis TEM. Post-processing of high-resolution transmission electron microscopy (HRTEM) 
images, including fast Fourier transform (FFT) processing, was conducted using DigitalMicrograph 
software (version 3.7.4, Gatan). Furthermore, the elemental distribution was determined via energy-
dispersive X-ray spectrometry (EDS). All analyses, including TEM and EDS, were conducted at the 
Sinoma Institute of Materials Research (Guangzhou) Co., Ltd. 

4. Results 

The results from the NTA test (see Table 1) revealed that the geothermal fluids collected in both 
regions contained a substantial number of micro-nanoparticles. In the geothermal fluids from Jinan, 
the particle sizes were primarily concentrated within the range of 150–500 nm, and particle 
concentrations were predominantly found within the range of 0.5–4 × 105 particles per liter. On the 
other hand, in the geothermal fluids from Zibo, the particle sizes were mainly concentrated in the 
range of 196–232 nm, with particle concentrations primarily falling within the range of 0.7–3.2 × 105 
particles per liter. This study involved the analysis of 22 characteristic micro-nanoparticles from the 
geothermal fluids, and the EDS results are presented in Table 2. The EDS results for the geothermal 
fluid samples from Jinan exhibited elevated concentrations of Cu and C. This outcome can be 
attributed to the sample carrier used during the scanning electron microscopy analysis of the Jinan 
geothermal fluid samples, which was a copper mesh coated with a carbon film. 

Table 1. Basic information of samples. 

Samples Size (nm) Concentration (Particles/mL) Aquifer 

CJQ 154.0-482.4 0.56-1.8 105 Ordovician Majiagou Formation 
JR3 113.3-501.9 0.96-2.1 105 Ordovician Majiagou Formation 
QJZ 171.4-574.8 3.1-3.7 105 Ordovician Majiagou Formation 
BL 152.6-469.5 1.6-3.9 105 Ordovician Majiagou Formation 

DR2 151.4-457.0 0.62-1.5 105 Ordovician 
Zibo 196.4-232.4 0.71-3.2 105 Ordovician 
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Table 2. EDS results of sample particles. 

Sample C O Ca Cu Si S Cl Mg Na Al K Fe Sr F Te In Pd Ba 

CJQ 
JN-1 54.83 15.88 9.81 18.57    0.68      0.21     

JN-2 7.51 8.74 62.23 20.54  0.61  0.35           

JR3 
JN-3 5.38 20.31 58.06 12.20  2.35 1.11 0.44 0.12          
JN-4 8.87 2.48  12.96   40.33 0.31 35.01          

QJZ JN-5 14.99 32.02 33.77 15.61  0.85 0.62 0.67     1.42      

BL 
JN-6 7.27 33.00 1.66 9.27 3.65     0.14  44.99       
JN-7 9.52 15.78 56.10 16.47  1.97  0.13           
JN-8 17.38 30.78 30.00 13.07  1.63  0.71      0.61 5.79    

DR2 

JN-9 21.55 42.49 10.62 8.96 0.41 12.05 0.61 0.48 2.55  0.25        
JN-10 18.68 1.82  12.57 0.26  34.23 0.29 32.12          
JN-11 12.2 36.02 11.28 9.79 0.16 10.6 1.19 0.95 3.25  1.49    11.4 1.6   

JN12 14.1 4.09 0.33 15.92 0.38 0.27 32.92 0.74 23.6        7.6  

Zibo 

ZB-1 51.16  27.36  1.15   2.14   18.18            

ZB-2 7.76  53.38  3.56   4.21   31.07             

ZB-3 13.55  21.29  1.93   12.47   17.48   33.26           

ZB-4 17.95  46.58  1.56   11.14        22.75        

ZB-5 42.87  18.72  1.35   2.82  7.50             26.71  
ZB-6 32.55 46.15 20.41  0.87              
ZB-7 32.42 29.62 2.02  9.70 5.47            20.74 
ZB-8 24.61 31.92 8.99  14.58       19.87       
ZB-9 32.96 31.95 30.77  4.31              
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4.1. Micro-Nanoparticles in Geothermal Fluids in Jinan 

A total of 12 particles were analyzed from the geothermal fluids in Jinan. TEM and EDS results 
suggested that these micro-nanoparticles displayed low crystallinity. These particles predominantly 
consisted of common chemical elements found in groundwater, including C, O, Ca, Cu, Fe, Na, Cl, 
and others. Notably, some anomalous elements, such as Sr, Te, In, and Pd, were detected, primarily 
in carbonates, sulfates, and chlorides. 

Figure 2a presents an image of a particle from the JN-1 sample. The particle exhibits a nearly 
spherical shape, and the selected area electron diffraction (SAED) pattern within the dotted circle 
(Figure 2b) reveals the amorphous nature of the micro-nanoparticle. EDS analysis indicated that the 
particle was primarily composed of O (15.88%), C (54.83%), Cu (18.57%), and Ca (9.81%). 
Consequently, it was inferred that the particle depicted in Figure 2a was composed of calcium 
carbonate. 

 

Figure 2. Particle morphology and diffraction pattern of JN-1 sample. 

Figure 3 showcases the particle from the JN-2 sample, which appears to be substantial. EDS 
analysis revealed that the particle was predominantly composed of O (8.74%), C (7.51%), Cu (20.54%), 
and Ca (62.23%). Therefore, it was inferred that the particle depicted in Figure 3 consisted of 
carbonates and sulfates containing calcium. 

 

Figure 3. Particle morphology of JN-2 sample. 

Figure 4a portrays the particle from the JN-3 sample, which exhibits a granular morphology. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 4b) indicates the 
amorphous nature of the micro-nanoparticle. EDS analysis revealed that the particle was primarily 
composed of O (20.31%), C (5.38%), Cu (12.20%), Ca (58.06%), S (2.35%), and Cl (1.11%). As a result, 
it was inferred that the particle depicted in Figure 4a consisted of carbonates, sulfates, and chlorine, 
with a calcium component. 
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Figure 4. Particle morphology and diffraction pattern of JN-3 sample. 

Figure 5a showcases the particle from the JN-4 sample, which exhibits a nearly spherical shape. 
The selected area electron diffraction (SAED) pattern within the dotted circle (Figure 5b) reveals the 
relatively well-ordered structure of the micro-nanoparticle. The d-spacing values in the (2 0 0) and (2 
2 0) planes were measured at 2.820 Å and 1.991 Å, respectively. EDS analysis indicated that the 
particle was predominantly composed of O (2.48%), C (8.87%), Cu (12.96%), Cl (40.33%), and Na 
(35.01%). The composition of the particle aligned with the data found in the PDF card 05-0628. 
Consequently, it was inferred that the particle depicted in Figure 5a was halite. 

 

Figure 5. Particle morphology and diffraction pattern of JN-4 sample. 

Figure 6a displays the particle from the JN-5 sample, characterized by an irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 6b) indicates a 
relatively well-ordered structure of the micro-nanoparticle. The d-spacing values in the (0 1 2), (2 0 
2), (1 0 4), and (0 0 6) planes were measured at 3.860 Å, 2.094 Å, 3.044 Å, and 2.850 Å, respectively. 
EDS analysis revealed that the particle primarily consisted of O (32.02%), C (14.99%), Cu (15.61%), Ca 
(33.77%), and Sr (1.42%). The composition of the particle corresponded to the data found in the PDF 
card 05-0586. As a result, it was inferred that the particle depicted in Figure 6a was composed of 
calcite. 
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Figure 6. Particle morphology and diffraction pattern of JN-5 sample. 

Figure 7a presents the particle from the JN-6 sample, consisting of a polymer chain structure. 
The selected area electron diffraction (SAED) pattern within the dotted circle (Figure 7b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily 
contained O (33.00%), C (7.72%), Cu (9.27%), Ca (1.66%), Si (3.65%), and Fe (44.99%). Therefore, it was 
inferred that the particle depicted in Figure 7a was composed of carbonates containing Fe, Si, and Ca. 

 

Figure 7. Particle morphology and diffraction pattern of JN-6 sample. 

Figure 8a illustrates the particle from the JN-7 sample, characterized by an irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 8b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily 
consisted of O (15.78%), C (9.52%), Cu (16.47%), Ca (56.10%), and S (1.97%). Consequently, it was 
inferred that the particle depicted in Figure 8a was composed of a mixture of carbonate and sulfate, 
both containing calcium. 

 

Figure 8. Particle morphology and diffraction pattern of JN-7 sample. 
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Figure 9a presents the particle from the JN-8 sample, displaying a substantial size. The selected 
area electron diffraction (SAED) pattern within the dotted circle (Figure 9b) confirms the amorphous 
nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily contained O 
(30.78%), C (17.38%), Cu (13.07%), Ca (30.00%), S (1.63%), and Te (5.79%). Therefore, it was inferred 
that the particle depicted in Figure 9a consisted of a combination of carbonates and sulfates 
containing calcium and tellurium. 

 

Figure 9. Particle morphology and diffraction pattern of JN-8 sample. 

Figure 10a displays the particle from the JN-9 sample, which takes on an approximately oval 
shape. The selected area electron diffraction (SAED) pattern within the dotted circle (Figure 10b) 
confirms the amorphous nature of the micro-nanoparticle. EDS analysis determined that the particle 
primarily contained O (42.49%), C (21.55%), Cu (8.96%), Ca (10.62%), S (12.05%), and Na (2.55%). As 
such, it was inferred that the particle depicted in Figure 10a was composed of a mixture of carbonate 
and sulfate, both containing calcium and sodium. 

 

Figure 10. Particle morphology and diffraction pattern of JN-9 sample. 

Figure 11a features the particle from the JN-10 sample, characterized by its substantial size. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 11b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily 
contained O (1.82%), C (18.68%), Cu (12.57%), Cl (34.23%), and Na (32.12%). Hence, it was inferred 
that the particle depicted in Figure 11a primarily consisted of NaCl and carbonate. 
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Figure 11. Particle morphology and diffraction pattern of JN-10 sample. 

Figure 12a portrays the particle from the JN-11 sample, characterized by a granular appearance. 
The selected area electron diffraction (SAED) pattern within the dotted circle (Figure 12b) confirms 
the amorphous nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily 
contained O (36.02%), C (12.20%), Cu (9.79%), Ca (11.28%), S (10.60%), Cl (1.19%), K (1.49%), Te 
(11.4%), and In (1.60%). Consequently, it was inferred that the particle depicted in Figure 12a 
consisted of a combination of carbonates, sulfates, and chlorine, containing calcium, potassium, 
indium, and tellurium. 

 

Figure 12. Particle morphology and diffraction pattern of JN-11 sample. 

Figure 13a showcases the particle from the JN-12 sample, which exhibits an irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 13b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily 
contained O (4.09%), C (14.10%), Cu (15.92%), Cl (32.92%), and Na (23.60%). As a result, it was 
inferred that the particle depicted in Figure 13a consisted mainly of NaCl, Na2CO3, and a small 
quantity of sulfate. 

 
Figure 13. Particle morphology and diffraction pattern of JN-12 sample. 
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4.2. Micro-Nanoparticles in Geothermal Fluids in Zibo 

Altogether, we analyzed nine particles from geothermal fluid samples obtained in Zibo. TEM 
and EDS results suggested that these micro-nanoparticles exhibited low crystallinity. They were 
primarily composed of common chemical elements typically found in groundwater, including C, O, 
Ca, Fe, S, Na, Cl, and a few anomalous elements like Ba. These elements were predominantly present 
in the form of carbonates and chlorides. 

Figure 14a illustrates the particle from the ZB-1 sample, which appears as irregular aggregates. 
The selected area electron diffraction (SAED) pattern within the dotted circle (Figure 14b) shows the 
micro-nanoparticles transitioning from an amorphous to a crystalline state. EDS analysis indicated 
that the particle primarily contained O (27.36%), C (51.16%), Ca (1.15%), Cl (18.18%), and Si (2.14%). 
Consequently, it was inferred that the particle depicted in Figure 14a consisted mainly of carbonates 
containing calcium and sulfur. 

 

Figure 14. Particle morphology and diffraction pattern of ZB-1 sample. 

Figure 15a showcases the particle from the ZB-2 sample, characterized by its irregular shape. 
The selected area electron diffraction (SAED) pattern within the dotted circle (Figure 15b) confirms 
the amorphous nature of the micro-nanoparticle. EDS analysis determined that the particle primarily 
contained O (53.38%), C (7.76%), Ca (3.56%), Cl (31.07%), and Si (4.21%). As a result, it was inferred 
that the particle depicted in Figure 15a was composed mainly of carbonates and chlorine, with 
calcium and silicon components. 

 

Figure 15. Particle morphology and diffraction pattern of ZB-2 sample. 

Figure 16a presents the particle from the ZB-3 sample, characterized by its irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 16b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis determined that the particle primarily 
contained O (21.29%), C (13.55%), Ca (1.93%), Cl (17.48%), Na (33.26%), and Si (12.47%). 
Consequently, it was inferred that the particle depicted in Figure 16a was composed mainly of 
carbonates and chlorine, with calcium, sodium, and silicon components. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 September 2023                   doi:10.20944/preprints202309.1788.v1

https://doi.org/10.20944/preprints202309.1788.v1


 12 

 

 

Figure 16. Particle morphology and diffraction pattern of ZB-3 sample. 

Figure 17a portrays the particle from the ZB-4 sample, displaying an irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 17b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis determined that the particle primarily 
contained O (46.58%), C (17.95%), Ca (1.56%), Fe (22.75%), and Si (11.14%). As a result, it was inferred 
that the particle depicted in Figure 17a consisted primarily of carbonates, containing calcium, iron, 
and silicon. 

 

Figure 17. Particle morphology and diffraction pattern of ZB-4 sample. 

Figure 18a displays the particle from the ZB-5 sample, characterized by its irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 18b) reveals a 
relatively well-ordered structure of the micro-nanoparticles. The d-spacing values in the (0 2 0), (0 2 
1), and (1 0 2) planes were measured at 4.447 Å, 3.656 Å, and 2.753 Å, respectively. EDS analysis 
indicated that the particle primarily consisted of O (18.72%), C (42.87%), Ca (1.35%), Si (2.82%), S 
(7.50%), and Ba (26.71%). The composition of the particle matched the data found in the PDF card 05-
0378. Therefore, it was inferred that the particle depicted in Figure 18a was composed of either 
witherite. 

 

Figure 18. Particle morphology and diffraction pattern of ZB-5 sample. 
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Figure 19a portrays the particle from the ZB-6 sample, presenting a granular appearance. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 19b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily 
contained O (46.15%), C (32.55%), Ca (20.41), and Si (0.87%). As a result, it was inferred that the 
particle depicted in Figure 19a consisted mainly of carbonates, containing calcium and silicon. 

 

Figure 19. Particle morphology and diffraction pattern of ZB-6 sample. 

Figure 20a features the particle from the ZB-7 sample, which takes on an irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 20b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis indicated that the particle primarily 
contained O (29.62%), C (32.42%), Ca (1.56%), Si (9.70%), S (5.47%), Ca (2.02%), and Ba (20.74%). 
Consequently, it was inferred that the particle depicted in Figure 20a consisted mainly of a 
combination of carbonates and sulfates, containing calcium, silicon, and barium. 

 

Figure 20. Particle morphology and diffraction pattern of ZB-7 sample. 

Figure 21a presents the particle from the ZB-8 sample, characterized by its irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 21b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis determined that the particle primarily 
contained O (31.92%), C (24.61%), Si (14.58%), Fe (19.87%), and Ca (8.99%). As a result, it was inferred 
that the particle depicted in Figure 21a consisted mainly of carbonates, containing calcium, silicon, 
and iron. 
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Figure 21. Particle morphology and diffraction pattern of ZB-8 sample. 

Figure 22a illustrates the particle from the ZB-9 sample, characterized by its irregular shape. The 
selected area electron diffraction (SAED) pattern within the dotted circle (Figure 22b) confirms the 
amorphous nature of the micro-nanoparticle. EDS analysis determined that the particle primarily 
contained O (31.95%), C (32.96%), Ca (30.77%), and Si (4.31%). Consequently, it was inferred that the 
particle depicted in Figure 22a primarily consisted of carbonates, containing calcium and sulfur. 

 

Figure 22. Particle morphology and diffraction pattern of ZB-9 sample. 

5. Discussion 

5.1. Characteristics of Micro-Nanoparticles in Geothermal Samples in the Central Area of Shandong Province 

This study involved the collection of geothermal fluid samples from both Jinan and Zibo, 
allowing for a comparative analysis. Within these geothermal fluids from the central area of 
Shandong Province, a multitude of micro-nanoparticles were identified using nanoparticle tracking 
and examined via transmission electron microscopy (TEM). This examination encompassed an 
evaluation of their type, size, shape, lattice parameters, and chemical composition. The geothermal 
samples contained various micro-nanoparticles, including monocrystalline, polycrystalline, and 
amorphous particles. These particles predominantly existed in the form of aggregates, such as chains 
and irregular clusters, although some were individually dispersed. Their shapes exhibited a high 
degree of irregularity, and their sizes ranged from 100 nm to 5 μm, with significant variability. The 
energy-dispersive X-ray spectroscopy (EDS) results for the particles within the geothermal fluid 
samples revealed the presence of common elements often found in groundwater, such as O, C, Ca, 
Na, Cl, Mg, K, and S. Additionally, trace elements like Fe, Sr, Te, In, Pd, and Ba were detected. Carbon 
and oxygen were consistently identified in all particles, often making up a substantial proportion, 
owing to the carbonate nature of the aquifer. Furthermore, Ca, Fe, and Na were frequently observed 
in the samples, with mass fractions reaching as high as 62.23%, 44.99%, and 35.01%, respectively. 
Through a comprehensive analysis of the elements, lattice spacing, and atomic ratio relationships in 
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these particles, it was determined that the particles primarily existed in the forms of carbonates, 
sulfates, and compounds containing chlorine, including Ca, Na, Fe, Mg, and K. 

5.2. Characteristics and Significance of Micro-Nanoparticles in Geothermal Samples in Different Regions of 

the Central Area of Shandong Province 

The analysis of the chemical composition of micro-nanoparticles in the geothermal fluid samples 
from Jinan and Zibo unveiled the presence of trace elements, revealing notable distinctions in the 
elemental composition between particles from these two regions. Specifically, micro-nanoparticles in 
the geothermal fluids from Jinan contained trace elements such as Sr, Te, In, and Pd. For instance, JN-
5 exhibited a Sr content of 1.42%, while the Te content in micro-nanoparticles from JN-8 and JN-11 
was 5.79% and 11.40%, respectively. The In content in JN-11 was 1.6%, and Pd content in JN-12 was 
7.60% (Table 2). Conversely, the micro-nanoparticles in the geothermal fluids from Zibo displayed 
high levels of Ba content. For instance, the Ba content in ZB-5 and ZB-7 was 26.71% and 20.74%, 
respectively (Table 2). The EDS data in Table 2 illuminated that both regions' geothermal fluids 
contained a wealth of micro-nanoparticles, but variations in their chemical compositions and 
elemental concentrations were evident. These distinctions may be attributed to differences in the 
geological and hydrogeological backgrounds, as well as the surrounding environments of the two 
sampling areas. 

Prior research on the geothermal resources in Jinan highlighted the significant role of a gabbro-
diorite intrusion into the Ordovician Majiagou Formation limestone in shaping Jinan's geothermal 
resources. These studies identified the Jinan gabbro as rich in elements such as strontium and lead 
[30], with carbonate formations proving to be ideal environments for strontium enrichment [31]. 
When magma intrudes, it brings along various soluble chemical components, including trace 
elements like strontium and fluorine in geothermal fluids [29]. These elements are valuable for 
medicinal baths. Notably, tellurium ores are primarily of the dolomite-telluride type, indicating that 
dolomite serves as a crucial host for tellurium minerals. The primary aquifer in the area is situated 
within a carbonate formation, primarily composed of minerals like dolomite (CaMg(CO3)2), calcite 
(CaCO3), and gypsum (CaSO4) [32]. Therefore, the presence of tellurium in Jinan's geothermal fluids 
can be attributed to the dolomite within the aquifer rock. Indium, while abundant in Earth's crust, is 
also found in common hornblende. Thus, the presence of indium may be linked to the gabbro-diorite 
intrusion. In previous research on geothermal resources in Zibo, it was revealed that geothermal 
fluids are found within a fracture system, and their hydrochemical type is primarily SO4·Cl—Na·Ca. 
Alongside conventional elements, these geothermal fluids contain numerous trace elements such as 
silicon and barium [33–35]. Furthermore, as geothermal fluids undergo deep circulation, their 
temperature increases, enhancing dissolution and filtration processes. This leads to the dissolution of 
trace elements from the surrounding rock into the geothermal fluids, a consequence of alternating 
geothermal fluid circulation and favorable geochemical conditions [36]. 

5.3. Source and Significance of the Micro-Nanoparticles in the Geothermal Fluids 

Micro-nanoparticles primarily originate through processes such as mineralization, 
taphrogenesis, and oxidation [34]. In the geothermal fluids of the central area of Shandong Province, 
these micro-nanoparticles are predominantly present in the form of carbonates, sulphates, and 
chlorides, suggesting that they exist within a relatively oxidized environment. Some micro-
nanoparticles in the geothermal fluids are in the form of sulphates, which we believe are a result of 
the oxidation of sulfides. The analysis of trace elements indicates a strong connection between the 
formation of these micro-nanoparticles and magmatic activity. Furthermore, the central area of 
Shandong Province is characterized by the presence of numerous fault zones. These fault zones serve 
as pathways for oxygen to penetrate deep into the subsurface layers, thereby enhancing the overall 
oxygen fugacity between the different rock layers. This increased oxygen content in the subsurface 
environment contributes to the formation of various types of micro-nanoparticles in the geothermal 
fluids.  
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Indeed, fault activity plays a crucial role in the generation of micro-nanoparticles. It often leads 
to the mechanical disintegration, milling, and oxidation of the adjacent rocks, which fosters the 
formation of oxide particles [37]. Studies have indicated that there is a significant material exchange 
between ore bodies and aqueous environments [38]. Micro-nanoparticles can serve as carriers of 
evidence for deep mineral resources and provide insights into deep geothermal resources [39]. 
Importantly, they are relatively resilient to the influences of the surrounding biological environment. 
Furthermore, the hydraulic connections established through fault systems play a key role. 
Geothermal fluids are influenced not only by the pressure gradients along geological formations but 
also by the structural features dictated by faults. In many cases, these fluids flow along or across 
geological structures, and hydraulic connectivity can be established between different aquifers [36]. 
Therefore, the utilization of the characteristics of micro-nanoparticles in these fluids can be both 
feasible and essential for the detection of deep hidden geothermal resources. The temperature, 
chemical composition and content of karst water formed in different geothermal regions are different, 
which also proves that the recharge, circulation depth and circulation path of karst water in different 
regions are different. In addition, the geothermal fluids of carbonate thermal storage in the Luzhong 
geothermal area are in the non-equilibrium zone, and both of them belong to unsaturated, that is, the 
water-rock action has not yet reached the equilibrium state, and the dissolution is still in progress. 
Therefore, the differences in the types and contents of trace elements in geothermal fluids in the two 
regions can also be inferred to be different between the two aquifers. 

5.4. Application Prospects of Nanomaterials in Fluids in Deep Geothermal Resource Exploration 

Geothermal resources represent a sustainable and eco-friendly energy source [40,41]. They not 
only provide a valuable supply of water and serve as tourist attractions but are also harnessed for 
medical treatments. As the depletion of fossil fuels persists, the quest for additional geothermal 
resources has become a paramount objective for researchers. While shallow geothermal resources 
have been extensively investigated and exploited, the focus has now shifted towards the Earth's 
deeper layers [42]. Deep geothermal resources are frequently linked to thermal reservoirs, which are 
distinctive geological formations. Fluids from the Earth's interior transport micro-nanoparticles 
associated with these thermal reservoirs, as depicted in Figure 19. The inherent characteristics of these 
nanomaterials, including their morphology, elemental composition, and polymerization state, 
provide valuable insights into the deep thermal reservoirs' properties. Therefore, it is entirely viable 
to employ nanomaterial analysis in geothermal fluids as a means to explore deep geothermal 
resources. Moreover, in comparison to traditional exploration techniques, employing nanomaterials 
in fluid analysis for deep geothermal resource research offers distinct advantages: (1) Penetrative 
Capability: Nanomaterials present in the fluid exhibit exceptional penetration, enabling detection at 
significant depths. (2) Diverse and Intuitive Anomalies: Anomalies within nanomaterials in fluids are 
multifaceted, intuitive, and dependable. Traditional geothermal fluid tests are typically restricted to 
identifying anomalies in fluid composition and content [43]. In contrast, nanomaterial anomalies in 
geological fluids encompass factors like type, size, morphology, structure, polymerization state, 
crystallization state, and element content of the particles, among other parameters. By considering 
multiple anomalies, analytical results become more comprehensive and scientifically sound [44,45]. 
For instance, the physical anomalies observed in nanomaterials within fluids enhance the clarity of 
analytical findings. Furthermore, the nanomaterials in geothermal fluids originate from their passage 
through the thermal reservoir. As these particles are directly linked to the thermal reservoir, they 
provide highly reliable information about deep geothermal energy. (3) Simplified and Versatile 
Sampling: Procedures for assessing nanomaterials in fluid to explore deep geothermal resources are 
straightforward, efficient, and largely impervious to terrain and geomorphology. The likelihood of 
contamination during nanomaterial collection is minimal, and the collection process is 
straightforward. Additionally, surface conditions, rock types, humidity, and temperature have 
minimal impact on the methodology. This approach can be effectively employed in diverse 
environments, including deserts, arid regions, and forests, where conventional exploration methods 
may encounter limitations [46]. In summary, the exploration of deep geothermal resources through 
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the analysis of nanomaterials in fluids is not only theoretically and technically feasible but also holds 
immense practical potential. 

 

Figure 19. Generalized map of nanomaterial transport associated with deep geothermal resources in 
geothermal fields. 

6. Conclusions 

Through analysis of micro-nanoparticles in geothermal fluids from the central area of Shandong 
Province, we found that the micro-nanoparticles in the geothermal fluids consist mainly of Fe, Na, 
Ga, Si, Mg, and K, with mostly carbonates, sulphates, and chlorine forms. The particles mainly exist 
as single particles and aggregates, and their sizes range from 100 nm to 5 μm. The particles are 
primarily irregular, massive, granular, or nearly spherical. EDS results showed that the chemical 
composition and element content of micro-nanoparticles in two areas are different, which suggested 
that there are some differences in the hydrogeological background. The micro-nanoparticles in the 
geothermal fluids in Jinan are affected mainly by the soluble chemical components originating from 
intrusive magma and the aquifer ore body. The micro-nanoparticles in the geothermal fluids in Zibo 
are affected mainly by fracture systems and aquifers. The differences in the types and contents of 
trace elements in geothermal fluids in the two regions can also be inferred to be different between the 
two aquifers. Analysis of the geological profile of the study area revealed that these micro-
nanoparticles formed in close relationship with magmatic activity and fault activity and are in a 
relatively oxidizing environment. Traditional exploration techniques have certain drawbacks in 
exploring of deep geothermal resources, so new exploration theories and methods can yield 
breakthroughs in the prospecting of deep geothermal resources. This study provides a new concept 
for the detection of deep hidden geothermal resources—prospecting for deep hidden geothermal 
resources based on the characteristics of micro-nanoparticles in the geothermal fluids and obtaining 
information about these particles in the process of deep spatial migration. Moreover, the study of 
micro-nanoparticles can detect pollution in groundwater systems by analyzing the type, structure, 
element content, and other parameters of micro-nanoparticles and whether the anomaly is affected 
by deep geothermal resources or human factors. 
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