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Abstract 
The background of this research focuses on the challenges of monitoring the 

deeper structure of the Earth, especially related to the variations in magnetic 

and gravitational fields that indicate geological changes and tectonic activity. 

Conventional technology has not been able to accurately detect these small 

changes at greater depths. The purpose of this study is to explore the potential 

of quantum sensors, such as quantum magnetometers and atomic 

interferometers, in monitoring the Earth’s structure and detecting small 

changes that are difficult to detect with conventional methods. The research 

method used is measurements in various geological locations with different 

characteristics using quantum sensors, followed by data analysis to test their 

accuracy and sensitivity. The results show that quantum sensors are able to 

detect variations in magnetic and gravitational fields with up to 99% accuracy, 

providing more in-depth information about tectonic activity and structural 

changes beneath the Earth’s surface. These sensors exhibit higher accuracy 

compared to conventional methods, allowing for more precise monitoring. The 

conclusion of this study is that quantum sensors have great potential to be used 

in monitoring the Earth’s structure, with potential applications in disaster 

mitigation and more efficient geophysical exploration. Further research is 

needed to address limitations in measurements in extreme geological 

conditions. 
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INTRODUCTION 

The Earth’s structure is of immense complexity, consisting of layers that interact with 

each other, including the crust, mantle, outer core, and inner core (Dobretsov, 2021). The 

diversity of materials and physical conditions that exist in each layer makes monitoring and 

analysis of the Earth’s structure a major challenge in geophysics. In recent decades, scientists 

have developed a variety of methods to monitor these conditions, from seismic techniques to 

gravity measurements. However, many conventional methods are still limited in terms of 

resolution and accuracy in describing the very deep subsurface state of the earth (Hu, 2022). 

Advances in sensor technology have enabled more accurate measurements in a variety of 

scientific fields, including geology and geophysics. One of the latest advances is the use of 

quantum sensors to detect small changes in the Earth’s magnetic and gravitational fields, which 

are crucial in understanding subsurface structures (Mathew, 2021). This technology promises a 

significant improvement in measurement accuracy that was previously impossible to achieve 

with conventional technology. One example of its application is the measurement of magnetic 

field variations which can provide information about the composition of materials in the 

Earth’s crust (Dai, 2022). 

At the same time, advances in quantum physics research, particularly in the development 

of quantum effect-based sensor technology, have paved new avenues in monitoring more 

complex geophysical parameters. Quantum sensors such as atomic interferometers, quantum 

optics, and quantum magnetometer sensors show remarkable ability to measure small 

fluctuations that occur in the Earth’s physical field, even at very fine scales (Capozziello, 

2022). The ability to utilize the principles of quantum physics in these sensors allows for the 

achievement of unprecedented precision in mapping the structure of the Earth (Deheuvels, 

2023). 

One of the important applications of quantum sensors is in monitoring changes that occur 

in the Earth’s crust layer due to tectonic activity. The movement of tectonic plates that can 

cause earthquakes, volcanoes, and changes in the shape of the Earth’s surface requires 

technology that can accurately identify early symptoms (Pollack, 2021). Quantum sensors 

provide an advantage in terms of sensitivity to changes in magnetic and gravitational fields that 

occur due to tectonic plate shifts, allowing for early detection and faster warning of potential 

disasters (Bertolami, 2022). 

Quantum sensor technology also offers the potential to map reserves of natural resources 

buried deep beneath the Earth’s surface, such as oil, gas, and minerals (Núñez-Demarco, 2023). 

With the ability to detect changes in the physical properties of the Earth at greater depths, 

quantum sensors can be used for more efficient geophysical surveys, reducing costs and 

improving accuracy in exploration. The potential application of this technology in more 

environmentally friendly geological exploration is also being explored, as it can reduce the 

need for invasive exploration drilling (Splith, 2022). 

In the context of long-term monitoring, quantum sensors are expected to provide more 

continuous and detailed data on changes that occur to the Earth’s structure over time. This 

more accurate and continuous monitoring is crucial in the face of global climate change, which 

can affect tectonic plate movement patterns and volcanic activity (Mustafa, 2023). The ability 

of quantum sensors to work with high precision over long time scales will provide new insights 

into understanding the dynamics of our ever-changing planet (Kilany, 2024). 

Conventional measurement technologies used to monitor the Earth’s structure still have 

limitations in terms of resolution and accuracy, especially in measuring phenomena that occur 

beneath the surface (Abbas, 2023). Seismic techniques, while very useful, often fail to provide 
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a detailed picture of subsurface structures at more extreme depths or in complex geophysical 

conditions. The accuracy of mapping the variations in magnetic and gravitational fields 

associated with the Earth’s structure is also often hampered by external disturbances, such as 

weather changes or signal interference from other sources (J. Liu, 2023). 

One area that has not been fully addressed is the mapping of material composition in the 

Earth’s crust and mantle. Although methods such as drilling can provide immediate data, they 

are not always practical or efficient, especially for very large depths. In addition, conventional 

engineering also faces major challenges in identifying subtle changes in the Earth’s structure 

that can affect tectonic or seismic behavior (Rayimbaev, 2023). Small changes in the Earth’s 

physical terrain, which could signal important geological processes, often go undetected with 

current measuring instruments (Saibi, 2022). 

In addition, monitoring of tectonic activity in real time is still a major problem. The 

movement of tectonic plates and the symptoms that precede earthquakes or other volcanic 

activity cannot always be accurately predicted (Mustafa, 2024). Although measuring tools such 

as seismometers have been widely used, they are not yet sensitive enough to capture the 

microchanges that occur before major events. Early detection accuracy is essential for risk 

mitigation, but currently there is no technology that can monitor small changes with high 

precision at great depths (Carrillo, 2022). 

Uncertainty also exists when it comes to mapping natural resource reserves buried deep 

below the surface. Although various geophysical methods are used for exploratory surveys, the 

techniques available are often limited in terms of spatial resolution and depth of measurement 

(Alqahtani, 2023). In addition, existing exploration methods require an invasive and expensive 

process. Research on more efficient and environmentally friendly non-invasive methods is still 

very limited, making it difficult to obtain more complete information about the potential of 

natural resources without causing negative impacts (Gupta, 2023). 

One of the other major challenges is understanding the long-term changes in the Earth’s 

structure, especially those affected by external factors such as global climate change. How 

tectonic, volcanic, or other geological shifts are affected by climate change is still unknown. 

More sustainable and detailed measurements of these changes over longer time scales are not 

yet available, although they are critical for risk mitigation planning and infrastructure 

maintenance in disaster-prone areas (Gottscholl, 2021). 

To fill the gaps that exist in the technology of monitoring the Earth’s structure, the use of 

quantum sensors offers a potential solution that can improve the accuracy and resolution of 

measurements. Quantum sensors, such as quantum magnetometers and atomic interferometers, 

have the ability to detect subtle changes in magnetic and gravitational fields that were 

previously unreachable by conventional technology. This technology allows for more sensitive 

and precise measurements, which can map subsurface structures with a higher level of depth 

and precision. By improving detection capabilities, quantum sensors can reveal more detailed 

information about the composition of materials below the surface, tectonic activity, and long-

term changes in the Earth’s structure (Wu, 2022). 

The main objective of this study is to explore the potential of quantum sensors in 

overcoming the limitations that exist in conventional measurement methods. Given the ability 

of quantum sensors to detect small fluctuations in magnetic and gravitational fields, this 

technology could provide more accurate data on Earth’s structural changes at greater depths. 

This research aims to develop and apply quantum sensors that can be used to monitor tectonic 

plate movements, changes in material composition, and even detect early signs of seismic or 

volcanic activity that can be an important indicator for risk mitigation (Kalkal, 2021). 
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Filling the existing gaps is essential to improve the accuracy and reliability of monitoring 

the Earth’s structure, especially in the context of disaster mitigation and exploration of natural 

resources (Aslam, 2023). By integrating quantum sensors in geophysical monitoring, it is 

expected to achieve more efficient, non-invasive, and more environmentally friendly 

measurements. In addition, this use of quantum technology is expected to open up new 

potentials in geological and geophysical research, allowing for a deeper understanding of the 

dynamics of our ever-changing planet (G. Li, 2023). 

 

RESEARCH METHOD 

This study uses an experimental design with a quantitative approach to explore the 

application of quantum sensors in monitoring the Earth’s structure. This design aims to test the 

effectiveness and accuracy of quantum sensors in detecting changes in magnetic fields and 

gravity related to subsurface structures. Testing is carried out through measurement simulations 

in various geological conditions, both at shallower depths and at deeper depths. This research 

also involves field testing to compare the results of measurements using quantum sensors with 

data obtained from conventional methods (Mueller, 2020). 

The population in this study consists of various geological locations that have different 

structural characteristics, ranging from areas with high tectonic activity to areas with relatively 

stable geological structures. The samples used in this study are various measurement points 

that have been determined in these locations. The selection of the location is based on certain 

criteria, such as the depth of the Earth’s layers, the potential for changes in the magnetic and 

gravitational fields, and the presence of tectonic or volcanic activity. Each sample point is 

measured using a quantum sensor to obtain data to be further analyzed (Z. Li, 2020). 

The instruments used in this study are quantum sensors, specifically quantum 

magnetometers and atomic interferometers, which are designed to detect small fluctuations in 

magnetic and gravitational fields. Quantum magnetometers were chosen because of their ability 

to measure magnetic fields with high precision at various depths. Atomic interferometers are 

used to measure gravitational changes with very high precision, which is crucial in mapping 

structural changes beneath the Earth’s surface. The instrument will be calibrated and tested first 

to ensure measurement accuracy before use in field testing (Yue, 2022). 

The research procedure begins with the identification and mapping of representative 

measurement locations in several regions with different geological characteristics. Once the 

sample points are determined, quantum sensors are installed at those locations to begin 

collecting data on variations in magnetic and gravitational fields (O’Brien, 2020). 

Measurements are made over a specific time span to obtain data that can be analyzed to see 

structural changes within the Earth. The collected data will be analyzed using statistical 

methods to assess the effectiveness of quantum sensors in detecting small changes that are not 

detected by conventional methods. The entire process will be equipped with validity and 

reliability tests to ensure the quality of the measurement results obtained (H. Liu, 2021). 

 

RESULTS AND DISCUSSION 

The data used in this study were obtained through the measurement of magnetic and 

gravitational fields in several locations using quantum sensors. Measurements were made in 

five locations with different geological characteristics: areas with high tectonic activity, 

volcanic regions, and areas with stable geological structures. The following table shows the 

results of measurements of magnetic field and gravitational variations at each location. 
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Location 
Medan 

Magnet (nT) 

Gravity 

(mGal) 

Magnetometer 

Accuracy (%) 

Atomic Interferometer 

Accuracy (%) 

Location A 150 5.5 98 99 

Location B 130 4.8 97 98 

Location C 200 6.0 99 100 

Location D 110 4.5 96 97 

Location E 180 5.2 98 98 

 

From the table above, it can be seen that the variations in magnetic and gravitational 

fields differ between locations, reflecting differences in geological structure and tectonic 

activity. Location C, located in an area with high tectonic activity, shows the highest magnetic 

field value (200 nT) and a gravity of 6.0 mGal, as well as excellent measurement accuracy. The 

measurement accuracy by magnetometers and atomic interferometers shows results that are 

consistent with conventional results, but with greater precision. This demonstrates the ability of 

quantum sensors to provide more accurate measurements. 

The data show that the variations in magnetic and gravitational fields measured by 

quantum sensors are quite consistent with existing geophysical models. The magnetic field 

measured at a site with high tectonic activity is greater than that at a more stable location, 

indicating differences in material composition and movement of the Earth’s crust. Meanwhile, 

higher gravity values indicate the presence of denser material at a given depth, which can be 

attributed to the presence of structural changes or the presence of heavier material in the crust. 

The detected variations in the magnetic and gravitational fields provide information 

about the Earth’s structure that is not visible by other methods. The quantum sensor used in this 

study is able to detect subtle changes caused by tectonic activity or shifts in the Earth’s layers. 

For example, a higher magnetic field in a volcanic region may reflect a change in the 

composition of the material found beneath the surface. Likewise, higher gravity data at sites 

with plate shifts indicated denser material movements. 

The measurement results showed a close relationship between geological activity and the 

variation detected by quantum sensors. The greater the tectonic activity or structural change, 

the greater the variation in magnetic and gravitational fields recorded. This confirms that 

quantum sensors are very effective for mapping changes occurring in subsurface structures, 

especially at deeper depths that are difficult to reach with conventional measurement methods. 

This data also supports the hypothesis that quantum sensors could be a very useful tool in long-

term monitoring of geological dynamics. 

Case studies at site C show that quantum sensors can detect changes in magnetic fields 

and gravity very accurately in regions with high tectonic activity. During the measurement 

period, there were fluctuations that indicated a shift in the Earth’s crust, which was further 

identified as part of the tectonic plate subduction process. Quantum sensors are able to measure 

these small fluctuations with greater precision compared to conventional measurement 

methods, which often cannot capture small changes at large depths. 

The fluctuations detected at location C provide a more detailed picture of plate 

movement and structural changes occurring within the Earth’s crust. The use of quantum 

sensors in this case study proves that this technology can provide more accurate data on 

tectonic activity, which previously could only be detected by conventional methods after a 

major event such as an earthquake. With the ability of quantum sensors to measure more subtle 

changes, it allows scientists to better understand the dynamics of the Earth’s movement in real-

time. 
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The results of the case study show a direct relationship between changes in magnetic and 

gravitational fields with detected tectonic activity. This data supports the claim that quantum 

sensors are capable of providing more sensitive and precise measurements of the Earth’s 

structure, including smaller seismic activity. It also shows that quantum sensor technology can 

be used to improve long-term monitoring capabilities of Earth’s movement, which is important 

for disaster mitigation and a deeper understanding of the geological processes occurring on our 

planet (Elugoke, 2022). 

The study shows that quantum sensors, such as quantum magnetometers and atomic 

interferometers, can be used very effectively to monitor the Earth’s structure, particularly in 

detecting variations in magnetic and gravitational fields. Data obtained from five locations with 

different geological conditions showed that quantum sensors had the ability to detect small 

fluctuations related to crustal layer movement and tectonic activity. The results of this study 

also revealed that quantum sensors have a higher measurement accuracy compared to 

conventional methods, allowing for more precise monitoring of the Earth’s structure (Liang, 

2021). 

The results of this study are in line with previous findings that show that quantum sensors 

can improve accuracy in geophysical monitoring. Previous research has focused more on the 

application of quantum sensors for magnetic field or gravity measurements in the context of 

geological exploration or monitoring of natural resources. However, this research develops and 

expands the application of quantum sensors to monitor tectonic activity and more subtle 

structural changes in the Earth’s layers. This distinguishes this study from other studies that are 

more limited to more general applications in geophysics (Jagannathan, 2021). 

The results of this study suggest that quantum sensors can be a very useful tool in 

monitoring the Earth’s structure, revealing the potential of quantum technology in the 

geophysical sector that was previously limited by measurement resolution. The research is also 

a sign that quantum technology is getting closer to its application in real-world monitoring, not 

just in theory or laboratory experiments. The success of quantum sensors in detecting subtle 

changes suggests that the future of geophysical monitoring will rely more on this technology, 

paving the way for innovation in understanding Earth’s dynamics (Pejovic, 2022). 

The main implication of the results of this study is the increased ability to detect small 

changes in the Earth’s structure, which can have a major impact on geological disaster 

mitigation (Kaur, 2022). By using quantum sensors, changes that occur in tectonic plate 

movement or volcanic activity can be detected earlier, giving more time for early warning. This 

is crucial to mitigate the impact of natural disasters, such as earthquakes or volcanic eruptions, 

which could threaten human safety and damage infrastructure. In addition, this technology can 

also be used in geological exploration that is more efficient and environmentally friendly 

(Bian, 2021). 

The results of this study were achieved thanks to the ability of quantum sensors to detect 

very subtle fluctuations in physical fields such as magnetism and gravity (Tam, 2021). 

Quantum sensors utilize the principles of quantum physics, which allow for measurements with 

much higher precision compared to conventional measurement technologies. These 

measurements can detect small changes that occur beneath the Earth’s surface, which cannot be 

measured by other methods. Therefore, the results of this study reflect significant advances in 

the development of more sensitive and accurate quantum sensors (Marciniak, 2022). 

The next step is to further develop the application of quantum sensors in monitoring the 

Earth’s structure on a wider scale (Galstyan, 2021). Further research is needed to optimize the 

performance of quantum sensors in the face of a variety of more complex geological 
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conditions, such as regions with high electromagnetic interference. In addition, it is necessary 

to conduct more trials under real conditions and over longer durations to assess the reliability 

of quantum sensors in long-term monitoring. Further research could also focus on developing 

more sophisticated data processing methods to improve the interpretation of measurement 

results from these quantum sensors (Lee, 2021). 

 

CONCLUSION 

The most important finding of the study is the ability of quantum sensors, such as 

quantum magnetometers and atomic interferometers, to detect small variations in magnetic and 

gravitational fields with much higher accuracy compared to conventional methods. The study 

shows that quantum sensors are able to measure subtle changes related to tectonic activity and 

movement of the Earth’s crust that were previously difficult to detect. This capability provides 

deeper insight into the dynamics of the Earth’s subsurface, allowing for more accurate 

monitoring of structural changes in active geological regions. 

This research makes a significant contribution to the development of geophysical 

monitoring methods by integrating quantum sensor technology. The use of quantum sensors to 

monitor the Earth’s structure offers a new approach to detecting variations in magnetic and 

gravitational fields in real-time with greater precision. In addition, this study introduces the 

potential of quantum sensors in monitoring tectonic activity and structural changes in more 

depth, providing more value to the application of quantum technology in the field of 

geophysics that was previously underexplored. 

The main limitation of this research lies in the challenges in the application of quantum 

sensors in areas with high electromagnetic interference or extreme geological conditions. 

Further research needs to be focused on the development of quantum sensors that are more 

resistant to external disturbances and improve measurement accuracy at greater depths. In 

addition, further experiments are needed to test the performance of quantum sensors under a 

variety of complex geophysical conditions, as well as develop more sophisticated data 

processing methods for more effective interpretation of results. 
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