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Relative gravimeter must be calibrated periodically on a gravimetric calibration line with a tiny uncertainty. We created a new gravimetric calibration baseline with a 326 milligal gravity difference in Jiugong Mountain, central China. The baseline consisted of four absolute gravimetry stations and eight basic relative gravimetry stations. Firstly, we carried out metrological parameters calibration (laser length and atomic clock) for FG5X(#265) and A10(#057) gravimeter with beat frequency experiment and atomic clock comparison respectively. Then we compared absolute gravity measurement from A10#057 and FG5X#265. We obtained a normalized error (i.e., the ratio of the gravity difference over the expended uncertainty of the difference) of 0.58, indicating that the discrepancy between both measurements lies within the measurement uncertainties. In order to precisely characterize the 4 absolute gravity stations, we conducted i) vertical and horizontal gravity gradients, and ii) we estimated the seismic background noise level. Finally, we have conducted relative gravimetric survey using Scincrex CG6(#236 and #238) constrained by FG5X and A10 absolute gravimeter to fulfill metrological traceability of the calibration line. The findings show that the basic relative station’s and absolute stations’ respective errors on the gravitational acceleration are 3 μGal and 5 μGal. For each gravity difference, the average biases between the FG5X-265 and CG-6 gravimeter are included in the uncertainty of the absolute observations.
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1 INTRODUCTION


High-precision gravity survey plays an irreplaceable role in national basic surveying and mapping, geodynamics research, analysis of the Earth’s internal structure, resource exploration, aerospace science, etc., (Crossley et al., 2013). However, it is important to calibrate scale factor of relative gravimeter to achieve high precision gravity survey where the scale factor can translate original gravity reading (spring lengths, counter units, electrical units) into acceleration units (Terada et al., 2015). Therefore, the construction of gravity baseline is indispensable. When building the gravity baseline, two primary factors need to be taken into account. Firstly, the difference between the gravity segments of the two absolute points should be as great as possible; secondly, the travel time between the first and last absolute points should be as short as possible in order to minimize the impact of long-term instrument drift. Through the difference in gravity segment of the north-south long baseline field with a large latitude difference is larger, its practicability is not high due to it covers several thousand kilometers (Cheraghi et al., 2020). Thus, the short baseline field established by relying on the elevation difference becomes an popular way for calibration the relative gravimeter.

Many countries or regions have established their own gravity short baseline fields, such as Germany (Timmen et al., 2006), Switzerland (Marti et al., 2016), Poland (Sas et al., 2009), Japan (Net, 2018), Turkey (Dogan et al., 2013) and so on. At the same time, China has also established six gravity short baseline fields. Among them, the Lushan gravity baseline established in 1985 is the most widely used, with a maximum gravity difference of 229mGal (Wang et al., 2014). The gravity baseline needs to be built in a place with stable geological structure. However, the Lushan gravity baseline is located in a famous natural scenic spot in China, the expansion of the scenic spot has caused large changes in the gravity value. Therefore, it is necessary to build a new gravity baseline with a larger gravity difference. We conducted detailed geological surveys in the Jiugong Mountain area in the early stage. The results show that the Jiugongshan gravity baseline is located on a stable block inside the Mufu uplift. The northeast-trending Yanglin fault and Hengshi fault spread in the site area are Pre-Quaternary structures, which are defined as non-seismic structures and will not affect Gravity baseline stability. In 2022, we designed and built a gravity baseline with 4 absolute gravity points, eight relative gravity points, and a maximum gravity difference of more than 326 mGal in Jiugong Mountain, China (as shown in Figure 1). From the bottom to the top of the mountain, a single round trip only takes two and a half hours. It is very suitable for dynamic testing or calibration of various relative gravimeters. In this study, we will introduce in detail the entire process of the gravity acceleration value measurement of the Jiugongshan gravity baseline, which also includes the measurement of vertical and horizontal gravity gradients, geodetic coordinates and background noise levels.
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FIGURE 1 | 
Location of the Jiugongshan gravity baseline stations. The green triangle represents the absolute gravity points and the white represents the relative gravity points.






2 CALIBRATION OF MEASUREMENT PARAMETERS OF ABSOLUTE GRAVIMETER


In order to ensure i) the best accuracy, ii) the smallest uncertainty and iii) the traceability of the gravity acceleration measurement value, the absolute gravimeter neds to be calibrated. Special attention must be paid to the length and the time reference. The reference true value is obtained by weighting the multiple measurement results of FG5X-232 and the FG5X-232 has participated in many international absolute gravity comparisons, including the third European absolute gravity comparison in Walfdange, Luxembourg, the 2017 CIPM(International Bureau of Weights and Measures) Key Comparison of Absolute Gravimeters. Meanwhile, it has participated in many absolute gravity comparisons in the Asia-Pacific region, and its measurement values can be traced to the BIPM KCRVs.

FG5X (#265) and A10 (#057) were both purchased from micro-g company in the spring of 2022. Their relevant parameters (laser wavelength and rubidium clock frequency) have been calibrated by the manufacturer and were tested between April 18 and 22, 2022. Relevant acceptance testing work was carried out at the Wuhan Seismological Observatory on the same day. The test results (Zhang et al., 2023) show that the set scatter of A10 (#057) is 1.90 μGal, and the measurement accuracy is −4.03 μGal with the calibration of the Laser frequency shift (compared with the reference true value). The set scatter of FG5X is 0.84 μGal, and the measurement accuracy is 2.01 μGal, which meets the nominal accuracy of the instrument.

In March 2023, we conducted the gravity acceleration value measurement of the Jiugongshan gravity baseline, considering that the laser wavelength and rubidium clock frequency may drift over time. We conducted an experiment on beat frequency between WEO model 100 laser for FG5X gravimeter and ML-1 polarization stabilized laser for A10 gravimeter. The Model 100 Iodine-Stabilized He-Ne laser of the FG5X absolute gravimeter does not require calibration. Its frequency stability reaches 2.5 parts in 1011, making its gravity measurement accuracy reach 0.2 μGal. It is currently the length reference standard of the BIPM (Niebauer et al., 1995). Historical research (Niebauer et al., 1995) shows that the ML-1 laser will produce a frequency drift of about 5 MHz/year, which will produce a gravity measurement deviation of about 2.07 μGal/MHz. Therefore, the laser wavelength of the A10 absolute gravimeter must be calibrated (Falk et al., 2009; Sekowski et al., 2012).

According to the optical path shown in Figure 2, the beat frequency measurement system was constructed. The laser generated by the WEO-100 iodine molecular laser of FG5X-265 and the laser generated by the ML-1 laser of A10-057 are converged to the photoelectric conversion module. Then an oscilloscope and frequency counter were used to measure the frequency difference signal generated by the beat frequency. The results of the beat frequency measurement are shown in Table 1. The frequency difference measured by the beat frequency of the ML-1 laser of the A10-057 absolute gravimeter and the WEO-100 laser is 473612683.646 MHz. The frequency calibrated by the micro-g company in 2022 is 473612687.300 MHz. The frequency difference between the two calibration results is −3.646 MHz, which will produce a deviation of about 7.5 μGal in the absolute gravity measurement value. The Model 100 achieves an absolute frequency accuracy of 2.5 parts in 1011, corresponding to approximately 12 kHz. This precision aligns with the frequencies established by the 1997 Comité International des Poids et Mesures (CIPM) Mise en Pratique (http://www.winterseo.com/m100.html). Thus, ignoring the wavelength stability of WEO-100, the uncertainty of this calibration result mainly comes from the repeatability of the experimental results. The standard deviation of the beat frequency result is 0.033 Mhz, which brings the uncertainty of the gravity measurement to no more than 0.1 μGal.
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FIGURE 2 | 
Beat frequency experimental optical path design diagram (a) and experimental site diagram (b).







TABLE 1 | 
A10-057 LASER beat frequency measurement results.
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FG5X-265 and A10-057 absolute gravimeters use the same FRK-L rubidium atomic clock, whose frequency stability is 3 × 10−10 (Niebauer et al., 1995). We use the Meridian II Precision TimeBase (with Frequency accuracy less than 6 × 10−14) to calibrated and test the frequency stability of the rubidium atomic clock. After calibration, the rubidium clock frequency of A10-057 is 10000000.00047 Hz, and the rubidium clock frequency of FG5X-265 is 10000000.00170 Hz. The frequency stability of both is better than 1.7 × 10−10, and the impact on the gravity measurement results is less than 0.3 μGal.




3 GRAVITY DATUM MEASUREMENT


We used FG5X-265 and A10-057 absolute gravimeters to simultaneously measure absolute gravity values at the center point and southwest point of each absolute gravity station of the calibration line. (See Figure 3). where the FG5X#265 measuring on the “center point” with the A10#057 measuring on the “south west point”, 80 cm away from FG5X, 20 cm for other site. In order to accurately correct the influence of environmental factors such as solid tides, we conducted high-precision coordinate measurements (for Solid tide, sea tide correction, normal pressure calculation).
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FIGURE 3 | 
Absolute gravity measurement at JZ07 station (A) where the FG5X#265 measuring on the “center point” with the A10#057 measuring o, the “south west point”, 80 cm away from FG5X, 20 cm for other site, vertical (B) and horizontal (C) gradient measurement at JZ01 station.



In order to perform height difference correction, or horizontal correction required for transferring measured absolute gravity values between the A10-057 and the FG5X-265 measurement point, we also conducted vertical and horizontal gravity gradient measurement.



3.1 Vertical and horizontal gradient measurements


Vertical gradient is a basic parameter in the absolute gravimeter measurement model based on free-falling interferometry, and its accurate measurement plays an important role in improving the accuracy of absolute gravity measurement (Vitushkin, 2014). The global average value of the vertical gravity gradient is close to 3.09 μGal/cm. However, absolute gravity measurements are conducted in a mountainous area with uneven mass distribution, which makes the actual gravity vertical gradient value deviate greatly from the theoretical value (Torge et al., 2023). As shown in Figure 3B, two Burris relative gravimeters (#514 and #758) calibrated by the factory were used to conduct vertical gradient measurements (120 cm and 72 cm) and horizontal gradient measurements (20 cm and 80 cm) between the FG5 measurement point and A10 measurement point respectively.

The measurement method refers to the traditional high-low-high or low-high-low mode (Dogan et al., 2013). In order to accurately control the height difference, we use a level control point outside the surface of gravimeter. We use an optical level (with a micrometer, the resolution is 0.01 mm) to accurately control the height difference between gravity measurements points. The height difference uncertainty is 0.01 cm, eliminating the mutual coupling of horizontal gradient and vertical gradient caused by the uneven observation surface. Each instrument measures eight measurement rounds with a total of 4 effective gravity campaign. Each measurement round is treated as an independent measurement section for adjustment calculation and linear drift correction.

The vertical gradient and horizontal gradient measurement results of each measurement point are shown in Table 2. We found that the largest uncertainty affecting vertical gradient measurement comes from the repeatability of the measuring instrument, which corresponds to the standard deviation of repeated gravity measurement. For the Burris relative gravimeter, the worst repeatability is 3 μGal. For a single instrument, the relative uncertainty of the gravity vertical gradient obtained from one measurement round about 0.7%, equivalent to 0.03 μGal/cm. With a level, the height difference error can be limited to 0.01 cm, and its effect on the vertical gradient is insignificant, impacting the vertical gradient of gravity by less than 0.01%. When using a general steel tape, the height difference error is within 0.2 cm, but the impact on the vertical gravity gradient is less than 0.2%, and the uncertainty contributed by it is approximately equal to 1/3 of the uncertainty component introduced by repeatability. Thus, it is reasonable whether using a level or steel tape in this case because the uncertainty introduced by the height difference error on the gravity vertical gradient cannot be ignored. However, the gravity horizontal gradient variation is less than 5 μGal for a relative gravity point, and the uncertainty introduced by the repeatability of the 3 μGal gravimeter accounts for more than 50%. Therefore, the uncertainty of the results given by the gravity horizontal gradient measurement only takes into account the error come from gravimeter.





TABLE 2 | 
Vertical and horizontal gravity gradients of Jiugong mountain calibreation baseline absolute gravity stations.
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3.2 Absolute gravity measurement


From March 7 to 11, 2023, we used FG5X-265 and A10-057 absolute gravimeters to measure four absolute gravity measurement points at the Jiugongshan gravity baseline. Both the FG5-265 and A10-057 absolute gravimeters have undergone acceptance testing and metrological calibration before measurement, and there is no obvious systematic error. We place the FG5X-265 absolute gravimeter at the center of the gravity station, and the A10-057 absolute gravimeter at the southwest point about 20 cm away. The two instruments start measuring at the same time for 25 h with 100 drops each hour, and the effective number of drops for each instrument is not less than 2400 times (2.5σ reject). Subsequently, the absolute gravity data was processed using “g” version 9.0 from Micro-g Solutions Inc., and the environmental impact was processed through the built-in model of the “g” software; the ETGTAB method was used for solid tide correction and the precise coordinate values measured following the procedure described in Section 3.1. (Terada et al., 2015). The ocean tide model is processed using the FES2004 model (Terada et al., 2015), and the atmospheric gravity effect is calculated by the empirical atmospheric admittance value (−0.3 μGal/hPa) (Boy et al., 2002); the earth’s polar motion is corrected using the polar motion coordinates published by IERS (http://www.iers.org), the amplitude factor is 1.16 (Wahr, 1985). Finally, the gravity value is calculated to the center of the gravity station through the vertical gradient and horizontal gradient correction (Table 2). The measurement results are shown in Table 3. The uncertainty of the FG5 measurement results is 5 μGal, and the uncertainty of the A10 measurement results is better than 11 μGal (including the uncertainty of gravity gradient). Taking the value measured by FG5-265 as the reference value, the maximum difference between the two gravimeters is 7.05 μGal (point JZ12). The normalized error (i.e., the ratio of the gravity difference over the extended uncertainty of the gravity difference, Wu et al., 2020) is 0.58, which is less than 1, so that the absolute gravity measurement results are reliable.





TABLE 3 | 
Gravity values transferred at the central point of absolute gravity stations of the Jiugong calibration line.
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4 RELATIVE GRAVITY JOINT MEASUREMENT UNDER ABSOLUTE GRAVITY CONSTRAINTS


The relative gravimeter is a lightweight instrument used to measure the relative changes, which requires regular calibration of the instrument constants. We followed the A-B-C. C-B-A observation routine with 4 gravity campaign. As Figure 4 shows, the distance between the two CG6 gravimeters was 40cm, and effective measurement height of CG6 and Sino-G5 gravimeter was 30.6cm and 42.3 cm respectively. The observation equation of the gravity measurement network is shown in Equation 1, where t is the time of measurement; i the serial number of gravimeter, j the location of the gravity station, k the code of gravity point, [image: image] the scale factor, [image: image] linear drift rate, [image: image]、 [image: image]、 [image: image]、 [image: image] the theoretical solid tide, air pressure, vertical gradient, and horizontal gradient correction respectively. And the gR(i,j) refers to the gravity difference measured by the relative gravimeter #i at location #j.
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FIGURE 4 | 
Relative gravity measurements (left, relative gravity point in the field; right, absolute benchmark point).



We use least squares indirect adjustment algorithm to process the relative gravity data constrained by the absolute values (JZ01∼JZ12) measured by FG5X-265 (Terada et al., 2015). Scale factor, gravity differences and the corresponding medium error are obtained through least square fitting in which the zero-drift coefficient is independently calculated through each campaign. Specifically, the weight of the absolute point observation results is weighted with 2 μGal, and 5 μGal for the relative gravity measurement point. The weight is reweighted based on the posterior error results after the initialization until the change in gravity point value after adjustment does not exceed 1 × 10-5 μGal. The results are presented in Figure 5. The gravity difference of the 12 measurements of the Jiugongshan gravity baseline is 326.934 mGal, and the uncertainty is better than 3 μGal, where he uncertainty comes from the standard deviation of the combined least square adjustment result and the repeatability of the relative gravimeter.
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FIGURE 5 | 
The gravity differences at adjacent stations of Jiugong gravity calibration baseline.






5 BACKGROUND NOISE MEASUREMENT


From 7 March 2023 to 13 March 2023, the Güralp-40TDE (#4216) seismometer was applied to conduct background vibration and noise measurement on the 4 absolute gravity stations. The seismometer’s measurement period encompasses the entire absolute gravity measurement period. On the one hand, it is used to detect abnormal vibration signals during the absolute gravity measurement process. On the other hand, it can evaluate the acceleration noise level of the gravity baseline of Jiugong Mountain. The Güralp-40TDE seismometer has undergone instrument frequency response calibration by Güralp Inc.(calibration certificate number: F044055) before measurement, and its sensitivity amplitude and zero and pole points have been precisely calibrated where the sensitivity amplitude is 2 × 1606 V/m/s, and the frequency band is (1–100) Hz. Previous researchers usually used the power spectral density (PSD) of the seismometer’s quiet period observation data to evaluate the noise level of the observation point (Peterson, 1993; Vassallo et al., 2012) which reflects the noise level of the entire observation period. Presently, the probability density function method of noise power spectrum (PSD-PDF) is widely used to evaluate the noise level of seismic stations (McNamara and Buland, 2004). The background noise measurement results are shown in Figure 6. The high-frequency noise above 10 Hz is mainly related to signals such as human activities. Vibration observation results show that, in addition to high-frequency noise above 1 Hz approaching the global new high-noise model, the noise in the low-frequency band of 0.01–1 Hz is smaller and has less impact on the gravity observation frequency band. The noise levels of (1–10) Hz are all lower than 120 dB, that is, (1 × 10−6 m/s2),so the vibration isolation foundation of the absolute gravity observation site provides a very quiet absolute gravity observation environment, which is equivalent to the vibration noise level of the gravity measurement base of the Chinese Academy of Metrology (Wu et al., 2020).
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FIGURE 6 | 
Results of absolute gravity point noise level estimation. (A) JZ01; (B) JZ04; (C) JZ07; (D) JZ12. The upper and lower black curves represent the NHNM model and the NLNM model respectively (Peterson, 1993).






6 DISCUSSION AND CONCLUSION


This article introduces in detail the construction of the Jiugongshan gravity short baseline field with the largest gravity difference in China. It includes the measurement of gravity acceleration measurement values, high-precision coordinate measurement based on GNSS measurements, relative gravity joint measurement and horizontal and vertical gradient based on CG-6 and Burris. The measurement results show that 1) The indirect adjustment results of the GNSS measurement network show that the uncertainty of the gravity point coordinate measurement results of the gravity baseline grid is better than 0.05″; 2) The gravity vertical gradient measurement shows that the repeatability of the gravimeter is the main source of measurement uncertainty accounting for about 0.7%. When the height difference is controlled below 0.1 cm, the relative uncertainty component introduced by the height difference measurement error is about 0.1%, and its impact on the gravity vertical gradient measurement results can be neglected. 3) The relative gravity joint measurement results under the absolute gravity constraint show that the uncertainty of the difference in the gravity section of the Jiugongshan gravity baseline is better than 3 μGal, and the average uncertainty is 2 μGal; 4) The background noise level measured by the Güralp 40TDE seismometer shows that the noise level of the Jiugongshan gravity baseline at (1–10) Hz is lower than 120 dB (1 × 10−6 m/s2), which is consistent with the Changping Park of the China Institute of Metrology.

The establishment of a high-precision gravity baseline can be used for calibrating scale factor, dynamic drift rate and dynamic observation accuracy of various gravimeters or accelerometers. Since the maximum gravity difference is 326.9338 mGal with 0.0064 mGal uncertainty, the uncertainty of the factor calibration result is theoretically better than 2.0 × 10−5, which can satisfy most relative gravimeters currently on the market. However, the hydrological cycle has certainty an effect on the gravity and the gradient measurement (Reich et al., 2019). It is necessary to focus on the stability of our calibration line over time, especially in dry and wet season.
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G.H.LLEE,D represents the iodine molecule locking peak of WEO, model 100 laser.
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