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Abstract: With the extraction of surface minerals and the depletion of their reserves, the exploration of deeper 
deposits has become a pressing consideration. Among the geophysical techniques available for such exploration, 
magnetometry stands out. Proton magnetometers, the prevailing instruments in terrestrial magnetometry, are 
characterized by their high cost, high weight, and large size. Moreover, their low sampling rate necessitates prolonged 
and consequently costly field operations. However, the advancement of Micro Electro Mechanical System (MEMS) 
sensors, which are both lightweight and cost-effective and possess high sampling rates and satisfactory sensitivity, has 
garnered significant interest. In this research, one such MEMS sensor was deployed and employed in the examination 
of a small iron deposit located in Western Iran. Then, the findings from these measurements were compared to those 
obtained using a proton magnetometer. The comparison reveals a substantial difference in efficiency. Magnetometry 
with MEMS sensors over the selected deposit took approximately 8.5 hours, whereas the survey with the proton 
magnetometer on the same profiles spanned around 44 hours. In addition to the time savings, the application of MEMS 
sensors led to a remarkable reduction in operating costs, by up to fivefold. On the other hand, due to the small size of 
this magnetometer, by placing it in a handbag or backpack of the operator, it is possible to carry out the magnetometer 
survey without any problem of dealing with the opponents and to prevent the postponement of the field magnetometer 
operation.

Keywords: Sensor, Magnetometry, MEMS, Proton.



Shahsavani H.

INTRODUCTION
In recent times, the exploration of subsurface mineral deposits has become imperative due to the depletion 

of surface reserves. Magnetometry, a branch of geophysics, has a rich history dating back to ancient Chinese 
use of Earth’s magnetic properties for metal deposit exploration [1,2]. Proton magnetometers, introduced in 
1965, revolutionized magnetometry and continue to be widely used [3]. Various magnetometer types have 
emerged, including cesium vapour, rubidium, potassium, and fluxgate magnetometers, each with unique 
attributes [4-7]. Additionally, the development of Micro-Electro-Mechanical System (MEMS) sensors has 
gained attention in geophysics [8-10]. These sensors, which have evolved for navigation, offer smaller size, 
lower cost, and increased precision, making them viable alternatives [11]. MEMS magnetometer sensors 
can be categorized into micro-fluxgate, Hall-effect, and resistive types [9]. Despite some limitations, they 
hold promise in various applications [12-15]. While MEMS sensors have lower sensitivity compared to 
proton magnetometers, their ability to detect economic reserves, which generates more than 200 nT change 
on the Earth’s magnetic field [16], justifies their use. Moreover, MEMS sensors can significantly reduce 
the cost and the time of magnetometry surveys. Their compact size allows for discreet transportation, 
ensuring sensitivity in field operations. This study involved setting up a precise Hall-effect-based MEMS 
magnetometer. Measurements were conducted on an iron reserve simultaneously with a proton magnetometer 
to evaluate the MEMS sensor’s performance.

METHODS
Magnetic field measurements were conducted within the specified limits using a micro-electro-mechanical 

(MEMS) sensor. The sensor, as illustrated in Figure 1, is identified as the MLX 90393 model manufactured 
by SparkX. It can communicate with a microcontroller through both I2C and SPI communication protocols. 
In this study, the relevant sensor has been enclosed within a customized housing. For the sake of lightweight 
design, the housing material is selected as balsa wood. The entire assembly, including the housing and its 
contents, weighs only 150 grams.

The variations in the Earth’s magnetic field strength over a metallic ore deposit range from 200 to several 
thousand nanoteslas. Therefore, a sensitivity of 160 nanoteslas is entirely acceptable for the detection of 
an economic metallic ore deposit, and an accuracy of ±0.1 nanoteslas in magnetic field measurements, 
especially for the exploration of magnetite, is sufficient. 

The study area encompasses a rectangular shape, approximately 1800 meters in length and 800 meters 
in width, oriented in the northwest-southeast direction. Figure 2 on Google Earth illustrates the designated 
study area. Within this study area, 27 profiles, ranging from 138 meters to 1000 meters in length, have 
been proposed. These profiles have been designed in a north-south direction. As depicted in Figure 2, 
the profile lines cover the study area in a diagonal manner. These profiles have been planned using open-
source software called “Mission Planner,” which guides drones. The total length of the proposed profiles 
is approximately 30 kilometres. A spacing of 50 meters has been selected between the acquisition profiles, 
which appears suitable for the initial exploration phase.

Figure 1. A micro-electro-mechanical sensor

Figure 2. Proposed Profile Paths for the Survey Using 
Magnetometers [17]
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The length of each of the surveyed profiles, along with the acquisition time for each profile, has been 
summarized in Table 1. 

As mentioned in Table 1, the survey duration for 27 profiles is approximately eight and a half hours. 
The total length of the profiles is 23211 meters, and the number of collected samples is 1134450. The 
spacing between samples along the profiles ranges from 1.5 to 3.6 centimetres. It’s worth noting that this 
small spacing between samples is made possible due to the high sampling rate of the sensor, allowing for 
measurements along the profiles to be nearly continuous compared to proton magnetometers.

FINDINGS AND ARGUMENT
The first step in data processing after inputting the data into the Oasis Montaj software is the removal 

of spikes or anomalies from the data. Following this stage, the data is prepared for grid generation. In this 
phase, the total magnetic intensity (TMI) is computed using the Oasis Montaj software. Figure 3 illustrates 
the map of TMI within the study area.

The results obtained from the previous measurements with the proton magnetometer in this area are 
shown in Figure 4. 

This map has also been generated using the Oasis Montaj software. As expected, the TMI map obtained 
from the magnetometer sensor data closely aligns with the obtained TMI map from the proton magnetometer. 
Especially, the main dipole resulting from the main anomaly, with its centre located at coordinates 617250 
E and 3997499 N, is well detected by the sensor measurements. Smaller dipoles in the southern part of the 
main anomaly are also well captured by the sensor. In the western part of the map of TMI obtained from 
the magnetometer sensor, smaller anomalies resulting from minor anomalies are not clearly visible. It is 

Figure 4. Map of the total magnetic intensity (TMI) 
of the Earth in the SarSef-Saqqez region using the 

proton magnetometer

 

 

 

 

 

 

 

Profile 
number 

Start time 
(GMT) 

End time 
(GMT) 

Survey 
duration 

Number of 
samples 

Sample 
spacing (cm) 

Profile 
length (m) 

1 06:29:40 06:34:09 00:04:29 10001 1.5 141 
2 06:35:56 06:39:59 00:04:03 9001 2 247 
… … … … … … … 
26 11:56:27 12:09:25 00:11:38 28901 2 600 
27 12:12:07 12:22:05 00:9:58 23001 2.6 600 

Total 08:26:27 1134450 - 23211 - - 

Table 1. Information about data survey along each profile

 

 

 

 

 

 

 

Figure 3. Map of the total magnetic intensity (TMI) 
derived from the survey in the SarSef-Saqqez 

region, obtained using the sensor



likely that by addressing the leveling errors, these minor anomalies in the western section will become more 
apparent. However, it appears highly probable that these anomalies in this region are not associated with an 
economic deposit. The data collected using the proton magnetometer in Table 2 have been compared with 
the measurements made using the sensor.

The numbers in Table 2 actually represent the advantages of using a MEMS sensor in magnetic data 
acquisition. The spacing between samples in data acquisition with the MEMS sensor is such that this type 
of acquisition can be considered continuous. More importantly, the time required for field operations is 
significantly reduced in the case of data acquisition with the MEMS sensor, roughly one-fourth of the 
time needed for proton magnetometer-based acquisition. Additionally, the cost of data acquisition using 
the MEMS sensor is approximately one-fifth of the cost of proton magnetometer-based acquisition. 
Furthermore, since the MEMS sensor is of vector type, it allows for extracting additional information such 
as the direction of the Earth’s magnetic field. 

CONCLUSIONS
The deployment of micro-electromechanical system (MEMS) sensors in magnetometry is in its early 

stages, and their sensitivity is not as high as traditional magnetometers. However, considering the need 
for low-cost and rapid geophysical methods in mineral exploration, the potential use of MEMS sensors 
is being explored. In this study, one of the most precise and low-error micro-electromechanical sensors 
has been chosen. Data were then collected over a metallic deposit using this sensor. These acquisitions 
were compared to a magnetic survey using a proton magnetometer. This comparison demonstrates that 
the MEMS sensor effectively detects the two poles resulting from the main anomaly present in the study 
area. Moreover, by addressing leveling errors, it is likely that smaller anomalies in the study area will 
become visible. Additionally, this research shows that using MEMS sensors can reduce the time and the 
cost of magnetic field survey operations by approximately one-fourth and one-fifth, respectively, compared 
to conventional methods. This is while the data collected with the MEMS sensor is nearly continuous. 
Furthermore, the small size of the MEMS sensor allows it to be deployed inconspicuously in the desired 
area without drawing the attention of potential opponents of magnetic survey operations.

REFERENCES
[1] Kearey, P., Brooks, M., and Hill, I. (2002). “An introduction to geophysical exploration, third edition”. Wiley-Blackwell, 

pp. 288. ISBN: 978-0-632-04929-5.

[2] Lowrie, W. (2007). “Fundamentals of geophysics”. Cambridge University Press. DOI: 10.1017/CBO9780511807107.

[3] Ripka, P. (2001). “Magnetic sensors and magnetometers”. In Book: IOP Publishing Ltd, Measurement Science and 
Technology, 13(4): 645. DOI: 10.1088/0957-0233/13/4/707.

[4] Hardwick, C. D. (1984). “Non‐oriented cesium sensors for airborne magnetometry and gradiometry”. Geophysics, 
49(11): 2024-2031. DOI: 10.1190/1.1441613.

[5] Breiner, S. (1965). “The Rubidium Magnetometer in archeological exploration”. Science, 150(3693): 185-193. DOI: 
10.1126/science.150.3693.185.

[6] Dang, H. B., Maloof, A. C., and Romalis, M. V. (2010). “Ultrahigh sensitivity magnetic field and magnetization 
measurements with an atomic magnetometer”. Applied Physics Letters, 97(15): 151110. DOI: 10.1063/1.3491215.

Table 2. Comparison of data acquisition with MEMS sensor and proton magnetometer 

Magnetometer type Number of 
samples 

Distance between 
samples (meters) 

Duration of survey 
(hours) 

Survey cost 
(unitless) 

Proton magnetometer 
(scalar) 2085 10 45 1000 

MEMS sensor (vector) 113445 3.0 5.8 200 
 

Shahsavani H.



[7] Khosravi, K., Alizadeh, M. S., and Pourmahdian, H. (2020). “Comparison of a designed scalar proton precession 
magnetometer with a scalar calibrated 3-axis fluxgate magnetometer”. In: 28th Iranian Conference on Electrical 
Engineering (ICEE), IEEE, 1-4. DOI: 10.1109/ICEE50131.2020.9261049.

[8] Lai, W.-H., Li, B., Fu, S.-H., and Lin, Y.-S. (2023). “Tunable MEMS-based terahertz metamaterial for pressure sensing 
application”. Micromachines (Basel), 14(1): 169. DOI: 10.3390/mi14010169.

[9] Liu, H.-F., Luo, Z.-C., Hu, Z.-K., Yang, S.-Q., Tu, L.-C., Zhou, Z.-B., and Kraft, M. (2022). “A review of high-performance 
MEMS sensors for resource exploration and geophysical applications”. Petroleum Science, 19(6): 2631-2648. DOI: 
10.1016/j.petsci.2022.06.005.

[10] Xu, Q., Yan, S., Liu, H., Liu, J., Wu, W., and Tu, L. (2023). “A nano- g electromagnetic accelerometer with 152 dB wide 
dynamic range”. IEEE Sensors Journal, 23(4): 3647-3654. DOI: 10.1109/JSEN.2023.3234195.

[11] Tanaka, M. (2007). “An industrial and applied review of new MEMS devices features”. Microelectronic Engineering, 
84(5-8): 1341-1344. DOI: 10.1016/j.mee.2007.01.232.

[12] Ji, Y., Shang, J., Li, G., Zhang, J., and Zhang, J. (2020). “Microfabricated Shaped Rubidium Vapor Cell for Miniaturized 
Atomic Magnetometers”. IEEE Sensors Letters, 4(2): 1-4. DOI: 10.1109/LSENS.2020.2965737.

[13] Lei, C., Sun, X.-C., and Zhou, Y. (2018). “Noise analysis and improvement of a micro-electro-mechanical-systems fluxgate 
sensor”. Measurement, 122: 1-5. DOI: 10.1016/j.measurement.2018.03.007.

[14] Min, Y.-J., Kwon, C.-K., Kim, H.-K., Kim, C., and Kim, S.-W. (2012). “A CMOS magnetic hall sensor using a switched 
biasing amplifier”. IEEE Sensors Letters, 12(5): 1195-1196. DOI: 10.1109/JSEN.2011.2169055.

[15] Yang, S., and Zhang, J. (2021). “Current Progress of Magnetoresistance Sensors”. Chemosensors, 9(8): 211. DOI: 
10.3390/chemosensors9080211.

[16] Gunn, P. J., and Dentith, M. C. (1997). “Magnetic responses associated with mineral deposits”. Journal of Australian 
Geology & Geophysics, 17(2): 145-158.

[17] Google earth. Accessed: Aug. 19, 2018. [Online]. Available: http://www.google.com/earth/index.html.

The Fast and Low-Cost Magnetometry with ...


