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Gravimetry is a versatile metrological approach in geophysics to accurately map subterranean mass
and density anomalies. There is a broad diversification regarding the working principle of gravimeters,
wherein atomic gravimeters are one of the most technologically progressive class of gravimeters
which can monitor gravity at an absolute scale with a high-repetition without exhibiting drift. Despite
the apparent utility for geophysical surveys, atomic gravimeters are (currently) laboratory-bound
devices due to the vexatious task of transportation. Here, we demonstrated the utility of an atomic
gravimeter on-site during a gravity survey, where the issue of immobility was circumvented with a
relative spring gravimeter. The atomic gravimeter served as a means to map the relative data from
the spring gravimeter to an absolute measurement with an effective precision of 7.7uGal. Absolute
measurements provide a robust and feasible method to define and control gravity data taken at
different sites, or a later date, which is critical to analyze underground geological units, in particular
when it is combined with other geophysical approaches.

Motivation

Atomic gravimeters are a highly sophisticated class of sensors which rely on matter-wave interferometry to accu-
rately infer gravity from the acceleration of a free-falling test mass'~*. Absolute measurements on the order of .
Gal have been demonstrated by numerous research groups®®, moreover, their performance in terms of sensitivity,
long-term stability and accuracy, either rival or outperform state-of-art traditional sensors*'’. These character-
istics are very appealing for geophysical surveys, as the combination of LGal precision and long-term stability
enables the investigation of a variety of geophysical processes, such as geothermal activity'!~'%, volcanology'®'5,
glacier ablation', ground deformation'®?°, and aquifer analysis?"*.

Recently, there has been substantial progress on transforming laboratory-based atomic gravimeters, to com-
mercially viable field products®”1%?*-2% notably by optimising the mechanical layout resulting in more compact
systems®?® and the use of more efficient vibration cancellation technologies?’. Despite these improvements,
geophysical surveys are a major obstacle for atomic gravimeters due to their complexity in logistics and harsh
environmental conditions. Furthermore, a meaningful gravity survey requires a large and dense grid of data
points for an elaborate mapping of the measurement data. Gravity surveys using exclusively an atomic gravimeter
as gravity sensor are limited to a small number of data points”'°.

The vast majority of gravity surveys employ spring gravimeters**~!, as they are significantly more compact
and mobile. They can attain similar levels of precision to atomic gravimeters?®. However, spring gravimeters
are relative instruments and are designed to have a reference point value manually calibrated. Unfortunately,
due to temperature dependencies within the hardware, mechanical wear-and-tear, and aging, this reference
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point value drifts over time (bias-drift)*>**. To circumvent bias-drifts, the reference point values need to be
re-calibrated regularly, consequently, it is challenging to assiduously characterize gravitational changes due to
prolonged geophysical processes. Instead, relative gravimeters are best suited for the detection and imaging of
subterranean features®**, hydrogeology**~*’, monitoring signals from earthquakes® or volcanic eruptions®*!,
as well as analyzing the accuracy of Ocean loading and tidal models***.

By making use of an absolute gravimeter in tandem with a relative gravimeter, one can highlight the respective
strengths of each technology while mitigating the aforementioned challenges concerning the limited mobility
of the absolute atomic gravimeter, and the long-term stability of the spring gravimeter. This was the premise
of a geophysical survey we conducted in Singapore, which took place over the course of two days. The relative
gravimeter of choice was a quartz vertical spring gravimeter, dubbed the CG6, manufactured by Scintrex*. In
quiet environments, the CG6 can attain a precision of 5-6 |LGal after an integration time of three minutes, which
is sufficient to detect local deviations of gravity due to variations in subterranean features. Whereas the atomic
gravimeter served as an absolute reference point, supplying a means to map from a relative value of gravity to an
absolute value!"!>17:2045-48 " Absolute measurements are necessary to properly analyze gravitational data taken
at different sites or dates. For example, conducting large scale surveys over the period of a few days could suffer
from ambiguity between bias-drift and gravitational changes due to environmental processes.

Methods
The survey was conducted over the course of 2 days, May 4th and May 5th 2023, at a geothermal exploration site
in Singapore (longitude: 103.816933 °E, latitude: 1.458345 °N). Throughout the survey, local deviations of gravity
were measured using a CG6. Each measurement spanned three minutes and, on average, attained a precision of
6nGal. The CG6 was equipped with a GPS antenna, which is portrayed in Fig. 1a, whose position measurements
were enhanced with real-time kinematic (RTK) corrections, allowing for the position of the gravity measurements
to be made with an accuracy of 6 mm with respect to longitude and latitude, and 8 mm with respect to elevation.
The physical spacing of the gravity measurements were approximately 25 m apart, and followed a path parallel to
a nearby road. The same path was repeated on both days to demonstrate the consistency of the measurements.

In addition to the gravity survey, a seismic survey was performed in parallel, in which the measurements had
a similar placement profile. The methodology and results from the seismic survey can be found in Ref.*. The
seismic survey was conducted by a different team, wherein the prospect of conducting two geophysical surveys
was to compare two data sets of different origin to better characterize the geothermal activity being studied. Later
in this manuscript a figure from the seismic survey is shown for comparative purpose.

Gravity discrepancies due to surface level deviations are filtered out by accounting for the varied elevation
of the measurement sites. This is done by mapping the gravity measurements to an equipotential surface using
the location of the base station as an elevation reference
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where g7, ~ 0.3086mgal/m - 8z is the free-air correction for a change in elevation of 8z, and g, = 27 pGdz is
the Bouguer correction which corrects for the gravity signal emanating from surface-level terrain with density
p- A value of p = 1.599g/cm? is used, which is the expected value for the local terrain composition. Note that
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(a) Spring Gravimeter Data Collection (b) Atomic Gravimeter Housing

Figure 1. Images from the gravity survey showcasing the (a) relative spring gravimeter (CG6), and the (b)
absolute atomic gravimeter. (a) The CG6 measures approximately 30 x 30 x 30 cm? and is mounted on a tripod
with dials to accurately level the device. The spring gravimeter was equipped with a GPS antenna mounted

by a custom made metal bracket fastened to the tripod. (b) The atomic gravimeter measures approximately

75 x 75 x 200 cm? and was housed inside a repurposed shipping container. The shipping container was
equipped with air conditioning in order to regulate the temperature within the operating conditions of

the atomic gravimeter, as the outside temperature varied drastically from 25.0 °C to 34.4 °C, with a mean
temperature of 28 °C, over the course of the two survey days.
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the Bouguer correction is limited by an infinite-slab approximation®!. There exists more precise terrain correc-
tions which deviates from the infinite-slab assumption, however, this is beyond the technical scope of this study.

During the survey, the atomic gravimeter was housed in a shipping container, as shown in Fig. 1b. The ship-
ping container provided necessary temperature and humidity control, as well as protection from the elements
(heavy rainfall was experienced on the afternoon of the 4th of May, 2023). A detailed description of our atomic
gravimeter can be found in Refs.*?, and a more thorough explanation of the underlying physics is provided in
Ref.®. In brief, the value of gravity is inferred from the interference pattern of a matter-wave interferometer. The
measurement results are shown in Fig. 2a, in which the precision of a single scan over an interference fringe
(250s) is 17.2uGal, and 4.1uGal for a one-hour rolling average.

A tilt meter was placed within proximity of the atomic gravimeter to monitor the level of the shipping con-
tainers floor. Unfortunately, the tilt meter observed a slow buckling in the flooring of the shipping container; a
drift of approximately 6 on the first day of the survey, and 13” on the second day of the survey, illustrated as a
sub-plot within Fig. 2b. This drift translated to the atomic gravimeter readings, resulting a difference of — 3.7
Gal of the average measurements on the first and second day of the survey, hence the plateau exhibited on the
Allan deviation curve. Additionally, the atomic gravimeter was subjected to significantly more noise than a typi-
cal laboratory environment, specifically due to an active drilling project within the vicinity (which is partially
visible in Fig. 1b). These obstacles, slightly degrade one’s ability to translate the measurements from the relative
spring gravimeters to absolute values, however, only marginally when considering the precision of the relative
gravity measurements. With additional precautions, the quality of an on-site absolute gravity measurements can
be improved upon in future gravity surveys.

As a means to track the drift of the CG6*, six measurements were performed over the course of the survey
(one at the start, middle, and end of each day). These measurements were taken at the same location, which was
in proximity to the absolutely gravimeter. By determining the drift-rate of the CG®6, the gravity measurements
could be appropriately calibrated in post-processing, we henceforth refer to this set of measurements as ‘calibra-
tion measurements’. Although the CG6 is equipped with a built-in drift correction, this value is prone to errors
due to higher order drift-rates and inaccuracies with the pre-programmed tidal correction®? (which is elaborated
upon in a later section of this manuscript). Additionally, the drift-rate may have incrementally changed due to
transportation from the laboratory to the survey location®>***2. The readings taken during calibration tests are
displayed in Fig. 3, in which it was determined that the pre-programmed drift rate of CG6 was off by a rate of
(12.9 % 1.1)nGal/day. In addition to drift correction, the calibration measurements provide a means of mapping
the relative gravity measurements of the CG6 to an absolute value.

Combining the measurements taken by the absolute gravimeter, Fig. 2a, along with the CG6 calibration
measurements, Fig. 3, we devise a formula to map relative gravity measurements at a position 7 and time ¢ to an
absolute measurement

grel(Fo1) = avs(F) = gy + gra(Fo1) — g (¢ — o). @)
We assign ga(}r;ﬁ to be the average absolute reading on the first day of the survey; we exclude the second day of
readings due to more significant drift in the readings caused by the buckling of the floor, see Fig. 2b. On the
other hand, gr(;f Dis defined by the line of best fit through six calibration measurements, and is linearly depend-
ent on the elapsed time since the initial calibration measurement: t — . The overall uncertainty of the quantity
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Figure 2. (a) Results of the on-site atomic gravimeter measurements, in which changes due to tidal dynamics
(computed using Quicktide Pro) have been subtracted. The mean uncertainty of the single shot measurement
(red) was 17.2p4Gal, which could be improved to 4.14Gal by taking one hour rolling average (blue). The data

is shifted by go = 978061210 uGal for visual clarity. (b) Allan deviation plot of the residual data, g — giige, in
which the computation omitted any time-averages taken over periods with missing data. A comprehensive
explanation of the Allan deviation calculation with dead times can be found in Ref.**. The plateau in the stability
profile of the gravimeter is due to the slow buckling of the floor below the atomic gravimeter. A tilt meter within
proximity (whose readings are displayed on the bottom-left corner in arcseconds) measured a change in tilt of
6“ on the first day of the survey (red) and 13” on the second day of the survey (blue).
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Figure 3. The recorded values of the CG6 during the calibration measurements. A line of best fit (dashed line)
was used to determine that a correction of (12.9 & 1.1)uGal/day should be applied to the field measurements (in
addition to the pre-programmed drift correction) to better account for the inherent bias-drift of the machine.

ga(lrfsﬂ — gr(zle D (t — to) thus increase with t — to, however, the increase is marginal and is constrained within 4.0-4.2j,

Gal throughout the survey.

Notice that the assigned absolute gravity measurements, g,s(7), are deemed to independent of time (as tidal
phenomena has been subtracted). Importantly though, this should be understood in the context of the timescale
of this specific survey that took place May 4-5, 2023. The effective gravity at the survey location may vary on a
much longer timescale, which necessitates a repeat survey in the future; as previously indicated, absolute meas-
urements in the pGal are critical to compare data sets taken at much later dates. Nevertheless, the assumption
that gyps(7) is time-independent for duration of the survey is an approximation, as atmospheric fluctuations
(air pressure and precipitation)**** and Ocean-tide loading®>* will have a time-dependent effect on the gravity
measurements. However, these phenomena, when combined, would account for changes in gravity ranging from
0.5 to 2.51LGal, which is inconsequential when considering the effective precision of the relative measurements
after being mapped to an absolute measurement.

Results

The results of our gravity survey are displayed in Fig. 4b, presented as a Bouguer gravity anomaly, indicates a
sharp dip of approximately 250nGal in the middle of the gravity profile. This result suggests the presence of a
negative subterranean density anomaly, which could be accredited to a fault zone structure®>**->°: a discontinu-
ity in underground rock mass, which can act as a path way for fluid to travel from the underground geothermal
reservoir to the hot spring at the surface. Geothermal reservoirs are a promising source of renewable energy
for Singapore; supplying the means for an ecological and sustainable energy source®*’, which could potentially
reduce the net carbon emissions of the country. By conducting similar gravity surveys in the future, one can
accurately monitor the activity of the geothermal reservoir, by virtue of the usage of an absolute gravimeter,
Eq. (2), Refs.'"1>15, as well as to constrain larger scale structures with an expanded survey.

The location of the gravitational anomaly is highly consistent with the data derived from the seismic data™,
Fig. 4c. The reflectivity plot captures the nature of the seismic waves (3-8Hz) measured by the seismometers
over the span of five weeks, whose locations are marked on Fig. 4a. Specifically, the auto-correlation function
of a single sensor is plotted vertically, centered at its respective distance from the reference position; the data is
scaled horizontally for visual clarity. In brief, the reflectivity demonstrates a discontinuity in vertical velocity
near the measured gravitational minimum (depicted as a red bar). As a future perspective, the combination of
gravitational and seismic data may be processed via inversion algorithms®"%2, enabling more robust data analysis
due to the absolute character of the data set.

The recorded uncertainty of the raw measurement data (pre-corrections) on the CG6 ranges from 4.7 to
7.31Gal (with an exception of two measurements with recorded uncertainties of 9.9.Gal and 14.5uGal). The
principle reason for the variable uncertainty in Fig. 4 was the reliability of the RTK corrections within the GPS.
When functioning optimally, the reported uncertainty in the elevation datum was 8mm, which translates to an
added uncertainty of 1.9Gal in the gravitational datum post free-air and Bouguer corrections®. However, the
GPS signal occasionally dropped in quality, with reported accuracy as poor as 4cm, which results in an added
uncertainty of 9.7uGal. The median effective uncertainty in the corrected data presented in Fig. 4 is 6.41Gal.
Note that the above is not an exhaustive list of sources of uncertainty: fluctuations in topsoil density can result in
sub-pGal sources of error®, and changes in atmospheric conditions (namely the heavy rain immediately prior to
the commencement of the measurements on the first day of the survey®*) may have biased the measurements on
the first day of the survey by 0.5-1.51Gal**. Finally, the median uncertainty of the relative measurements when
mapped to an absolute measurement, Eq. (2) is, +/6.42 + 4.22 =7.7uGal. This increases marginally to 7.8Gal if
one includes an added uncertainty because of the aforementioned rain.
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Figure 4. Results from the gravity geophysical survey at the NTU Geothermal site in Singapore. The values
presented are relative to the mean relative value (with post-processing) at the base station. Corrections for

tidal dynamics, free-air and Bouguer discrepancies®, and additional drift determined by the calibration
measurements (see Fig. 3), have been applied. The gradiometry results are depicted via a heat map (a), as well as
on a traditional Cartesian plot (b) with respect to the distance from the square marker depicted on the heat map.
The results suggest a subterranean anomaly in proximity to the base station. This is further corroborated by the
seismic reflectivity (c) observed by the seismology survey conducted in parallel®’, whose sensor placements are
shown on the heat map. Here, the gravitational minimum is marked by a red bar.

Future perspectives

As previously mentioned, the primary purpose of an absolute gravitational reference is to supply a means to
compare relative data taken at different survey sites, or at later dates. To a greater extent though, an absolute ref-
erence serves as a means to filter out temporal shifts in gravity due to tidal dynamics, and enabling the isolation
of gravitational shifts due to subterranean variations. Currently, tidal dynamics are typically filtered out through
the means of predictive software, in fact, we use QuickTide Pro as a benchmark for the long-term stability of our
atomic gravimeter in Fig. 2b. However, due to the non-homogeneous nature of Earth’s shape and it's non-rigidity,
these programs are ultimately bounded in precision®>~*".

The accuracy of tidal correction software heavily depends on an underlying model®>%%%, as well as geographic
location. Notably, coastal locations are subject to more complex models, resulting in exacerbated errors when
utilizing a slightly perturbed model***. Being that Singapore is a diminutive island country, the pre-programmed
tidal correction inherit to the CG6 demonstrates an error of up to 5.41Gal when taking measurements at Nan-
yang Technological Institute over the course of two days, see Fig. 5. As atomic gravimeters are capable of a pGal
level of precision, they may be used in conjunction with tidal software for a reinforced tidal correction protocol.
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Figure 5. Two days of data collection with a stationary CG6 to demonstrate the errors when equipped with
tidal correction software. The maximum difference from the mean value is 5.4 uGal, and the standard deviation
of the data set is 2 uGal.

Discussion

Our gravity survey delineates the precision and effectiveness of utilizing an on-site atomic gravimeter alongside
classical compact gravimeters during geophysical surveys. This hybridization is especially effective in moni-
toring slowly varying time-dependent signals, as observed in spatially and temporally resolved groundwater
monitoring®*? or the progressive melting of polar ice caps'. While classical gravimeters excel in survey appli-
cations, they tend to drift over time, a limitation ameliorated by the stability of atomic gravimeters, albeit at the
cost of increased bulk which can be cumbersome for surveys.

The measurements from the geophysical survey indicate the existence of a subterranean anomaly beneath
the NTU geothermal site in Singapore, which is hypothesized to be a geothermal reservoir which resulted from
the presence of a fault zone structure®>¢-°. After performing necessary corrections, the median uncertainty in
the relative data was 6.4uGal. Meanwhile, the atomic gravimeter collected data at a static position to provide a
method to map the relative measurement values to an absolute value. After applying the map to the relative data
set, the median uncertainty of the absolute measurements becomes 7.7, Gal. This level of precision is necessary
to accurately monitor the expansion of geothermal reservoirs with gravity measurements'' >3,

In addition to geophysical and environmental applications, a uGal level of precision can be used to filter out
tidal effects from gravity signals. Thus, it may be possible for next generation atomic gravimeters to present a
pragmatic solution to curb unwanted tidal influences, instead of solely relying on software and mathematical
models. This application is most useful in surveys in proximity to the coast, where tidal models are most prone
to errors®».

Data availability
Raw data captured from the relative gravimeter, absolute gravimeter, and gps during the survey, can be down-
loaded from the following GitHub repository: github.com/GyroEmulator/SembawangRawData.

Received: 16 November 2023; Accepted: 15 March 2024
Published online: 18 March 2024

References

. Kasevich, M. & Chu, S. Atomic interferometry using stimulated Raman transitions. Phys. Rev. Lett. 67, 181 (1991).

. Peters, A., Chung, K. Y. & Chu, S. Measurement of gravitational acceleration by dropping atoms. Nature 400, 849 (1999).

. Peters, A., Chung, K. Y. & Chu, S. High-precision gravity measurements using atom interferometry. Metrologia 38, 25 (2001).

. de Angelis, M. et al. Precision gravimetry with atomic sensors. Meas. Sci. Technol. 20, 022001 (2008).

. Wu, B. et al. The investigation of a ugal-level cold atom gravimeter for field applications. Metrologia 51, 452 (2014).

. Zhou, M.-K. et al. Micro-gal level gravity measurements with cold atom interferometry. Chin. Phys. B 24, 050401 (2015).

. Ménoret, V. et al. Gravity measurements below 10-9 g with a transportable absolute quantum gravimeter. Sci. Rep. 8, 12300 (2018).

. Oon, E E. & Dumke, R. Compact single-seed, module-based laser system on a transportable high-precision atomic gravimeter.

AVS Quantum Sci.https://doi.org/10.48550/arXiv.2208.04174 (2022).
. Gillot, P, Francis, O., Landragin, A., Dos Santos, E. P. & Merlet, S. Stability comparison of two absolute gravimeters: Optical versus
atomic interferometers. Metrologia 51, L15 (2014).

10. Farah, T. et al. Underground operation at best sensitivity of the mobile Ine-syrte cold atom gravimeter. Gyrosc. Navig. 5, 266 (2014).

11. Sugihara, M. & Ishido, T. Geothermal reservoir monitoring with a combination of absolute and relative gravimetry. Geophysics
73, WA37 (2008).

12. Sofyan, Y. et al. The first repeated absolute gravity measurement for geothermal monitoring in the Kamojang geothermal field,
Indonesia. Geothermics 53, 114 (2015).

13. Nishijima, ]. et al. Repeat absolute and relative gravity measurements for geothermal reservoir monitoring in the Ogiri geothermal
field, Southern Kyushu, Japan. IOP Conf. Ser. Earth Environ. Sci. 42, 012004 (2016).

14. Portier, N. et al. Hybrid gravimetry monitoring of soultz-sous-foréts and rittershoffen geothermal sites (alsace, france). Geothermics
76, 201 (2018).

15. Omollo, P. & Nishijima, J. Analysis and interpretation of the gravity data to delineate subsurface structural geometry of the Olkaria
geothermal reservoir, Kenya. Geothermics 110, 102663 (2023).

16. D’Agostino, G. et al. The new imgc-02 transportable absolute gravimeter: Measurement apparatus and applications in geophysics
and volcanology. Ann. Geophys. 51, 39-49 (2008).

0NN U W~

Nel

Scientific Reports |

(2024) 14:6511 | https://doi.org/10.1038/s41598-024-57253-1 nature portfolio


https://doi.org/10.48550/arXiv.2208.04174

www.nature.com/scientificreports/

17.

18.

19.

20.

32.

33.

34.
35.

36.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

Greco, E et al. Combining relative and absolute gravity measurements to enhance volcano monitoring. Bull. Volcanol. 74, 1745
(2012).

Greco, E, Bonforte, A. & Carbone, D. A long-term charge/discharge cycle at mt. etna volcano revealed through absolute gravity
and GPS measurements. J. Geod. 96, 101 (2022).

Timmen, L., Gitlein, O., Klemann, V. & Wolf, D. Observing gravity change in the Fennoscandian uplift area with the Hanover
absolute gravimeter. Pure Appl. Geophys. 169, 1331 (2012).

Zerbini, S. et al. Multi-parameter continuous observations to detect ground deformation and to study environmental variability
impacts. Glob. Planet. Change 34, 37 (2002).

. Pool, D. The utility of gravity and water-level monitoring at alluvial aquifer wells in Southern Arizona. Geophysics 73, WA49 (2008).
. Davis, K., Li, Y. & Batzle, M. Time-lapse gravity monitoring: A systematic 4d approach with application to aquifer storage and

recovery. Geophysics 73, WA61 (2008).

. Bidel, Y. et al. Compact cold atom gravimeter for field applications. Appl. Phys. Lett.https://doi.org/10.1063/1.4801756 (2013).

. Chen, B. et al. Portable atomic gravimeter operating in noisy urban environments. Chin. Opt. Lett. 18, 090201 (2020).

. Narducci, F A., Black, A. T. & Burke, J. H. Advances toward fieldable atom interferometers. Adv. Phys. X 7, 1946426 (2022).

. Fu, Z. et al. A new type of compact gravimeter for long-term absolute gravity monitoring. Metrologia 56, 025001 (2019).

. Oon, E E. & Dumbke, R. Compact active vibration isolation and tilt stabilization for a portable high-precision atomic gravimeter.

Phys. Rev. Appl. 18, 044037 (2022).

. Niebauer, T. Gravimetric Methods - Absolute and Relative Gravity Meter: Instruments Concepts and Implementation 37-57 (Elsevier,

2015).

. Van Camp, M. et al. Geophysics from terrestrial time-variable gravity measurements. Rev. Geophys. 55, 938 (2017).
. Stolz, R. et al. Superconducting sensors and methods in geophysical applications. Supercond. Sci. Technol. 34, 033001 (2021).
. Crossley, D. et al. Network of superconducting gravimeters benefits a number of disciplines. Eos Trans. Am. Geophys. Union 80,

121 (1999).

Okiwelu, A., Okwueze, E. & Osazuwa, L. Strategies for accurate determination of drift characteristics of unstable gravimeter in
tropical, coastal environment. Appl. Phys. Res. 3,190 (2011).

Schilling, M. & Gitlein, O. Accuracy estimation of the ife gravimeters micro-g lacoste gphone-98 and zls burris gravity meter b-64.
In IAG 150 Years: Proc. of the IAG Scientific Assembly in Postdam, Germany, 2013, pp. 249-256 (Springer, 2015).

Bielik, M. et al. Neo-alpine linear density boundaries (faults) detected by gravimetry. Geol. Carpath. 53, 235 (2002).

Hokkanen, T., Korhonen, K., Virtanen, H. & Laine, E. L. Effects of the fracture water of bedrock on superconducting gravimeter
data. Near Surf. Geophys. 5, 133 (2007).

Hokkanen, T., Korhonen, K. & Virtanen, H. Hydrogeological effects on superconducting gravimeter measurements at metsihovi
in finland. Environ. Eng. Geophys. 11, 261 (2006).

. Tanaka, T. et al. Hydrological gravity response detection using a gphone below-and aboveground. Earth Planets Space 65, 59 (2013).
. Niebauer, T., MacQueen, J., Aliod, D. & Francis, O. Monitoring earthquakes with gravity meters. Geod. Geodyn. 2, 71 (2011).
. Carbone, D., Zuccarello, L., Saccorotti, G. & Greco, E. Analysis of simultaneous gravity and tremor anomalies observed during the

2002-2003 etna eruption. Earth Planet. Sci. Lett. 245, 616 (2006).

Carbone, D., Budetta, G., Greco, F. & Zuccarello, L. A data sequence acquired at mt. etna during the 2002-2003 eruption highlights
the potential of continuous gravity observations as a tool to monitor and study active volcanoes. J. Geodyn. 43, 320 (2007).
Pivetta, T, Riccardi, U,, Ricciardi, G. & Carlino, S. Hydrological and volcano-related gravity signals at mt. somma-vesuvius from
20 yr of time-lapse gravity monitoring: implications for volcano quiescence. Geophys. J. Int. 235, 1565 (2023).

Boy, J.-P,, Llubes, M., Hinderer, J. & Florsch, N. A comparison of tidal ocean loading models using superconducting gravimeter
data. J. Geophys. Res. Solid Earthhttps://doi.org/10.1029/2002]B002050 (2003).

Mikolaj, M. & Hébel, B. The first tidal analysis based on the cg-5 autograv gravity measurements at modra station. Contrib. Geophys.
Geod. 43,59 (2013).

Hugill, A. Scintrex cg-3 automated gravity meter: description and field results, In SEG Technical Program Expanded Abstracts
1990, pp. 601-604 (Society of Exploration Geophysicists, 1990).

Francis, O., Niebauer, T., Sasagawa, G., Klopping, F. & Gschwind, J. Calibration of a superconducting gravimeter by comparison
with an absolute gravimeter fg5 in boulder. Geophys. Res. Lett. 25, 1075 (1998).

Imanishi, Y., Higashi, T. & Fukuda, Y. Calibration of the superconducting gravimeter t011 by parallel observation with the absolute
gravimeter fg5# 210-a bayesian approach. Geophys. J. Int. 151, 867 (2002).

Niebauer, T. et al. Simultaneous gravity and gradient measurements from a recoil-compensated absolute gravimeter. Metrologia
48,154 (2011).

Lautier, J. et al. Hybridizing matter-wave and classical accelerometers. Appl. Phys. Lett. 105, 144102 (2014).

Sesia, I. & Tavella, P. Estimating the Allan variance in the presence of long periods of missing data and outliers. Metrologia 45,
$134 (2008).

Lythgoe, K., Li, Y., Wei, S., Poh, J. & Tjiawi, H. Fault zone identification using seismic noise autocorrelations at a prospective
geothermal site in Singapore. In NSG2023 29th European Meeting of Environmental and Engineering Geophysics, Vol. 2023, pp.
1-5 (European Association of Geoscientists & Engineers, 2023).

Chapin, D. A. The theory of the bouguer gravity anomaly: A tutorial. Leading Edge 15, 361 (1996).

Iresha, M. & Prasanna, H. Impact of drift, tilt and tilt susceptibility on cg-6 gravity observations. Iconic Res. Eng. J. 5, 191-199
(2021).

Riccardi, U, Hinderer, J. & Boy, J.-P. On the efficiency of barometric arrays to improve the reduction of atmospheric effects on
gravity data. Phys. Earth Planet. Inter. 161, 224 (2007).

Delobbe, L., Watlet, A., Wilfert, S. & Van Camp, M. Exploring the use of underground gravity monitoring to evaluate radar esti-
mates of heavy rainfall. Hydrol. Earth Syst. Sci. 23, 93 (2019).

Van Dam, T. & Wahr, J. Displacements of the earth’s surface due to atmospheric loading: Effects on gravity and baseline measure-
ments. J. Geophys. Res. Solid Earth 92, 1281 (1987).

Oliver, G. J. H., Palmer, A., Tjiawi, H. & Zulkefli, F. Engineered geothermal power systems for Singapore. IES J. A Civil Struct. Eng.
4,245 (2011).

Tjiawi, H., Palmer, A. C. & Oliver, G. J. Natural state modeling of Singapore geothermal reservoir. . Civil Eng. Sci. Technol. 3, 34
(2012).

Lythgoe, K. H., Ong Su Qing, M. & Wei, S. Large-scale crustal structure beneath Singapore using receiver functions from a dense
urban nodal array. Geophys. Res. Lett. 47, €2020GL087233 (2020).

Lythgoe, K., Loasby, A., Hidayat, D. & Wei, S. Seismic event detection in urban Singapore using a nodal array and frequency domain
array detector: Earthquakes, blasts and thunderquakes. Geophys. J. Int. 226, 1542 (2021).

Stefansson, V. The renewability of geothermal energy. Proc. World Geotherm. Congr. 2000, 883-888 (2000).

Yu, P,, Wang, J.-L., W, J.-S. & Wang, D.-W. Constrained joint inversion of gravity and seismic data using the simulated annealing
algorithm. Chin. J. Geophys. 50, 465 (2007).

Sun, J. & Li, Y. Joint inversion of multiple geophysical and petrophysical data using generalized fuzzy clustering algorithms. Geophys.
J. Int. 208, 1201. https://doi.org/10.1093/gji/ggw442 (2016).

Scientific Reports |

(2024) 14:6511 | https://doi.org/10.1038/s41598-024-57253-1 nature portfolio


https://doi.org/10.1063/1.4801756
https://doi.org/10.1029/2002JB002050
https://doi.org/10.1093/gji/ggw442

www.nature.com/scientificreports/

63. Lynch, A. & King, A. A review of parameters affecting the accuracy and resolution of gravity surveys. Explor. Geophys. 14, 131
(1983).

64. Meteorological service singapore, http://www.weather.gov.sg/climate-historical-daily/ (Accessed 01 August 2023).

65. Van Camp, M. Efficiency of tidal corrections on absolute gravity measurements at the membach station. In Proc. of the Workshop:
IMG-2002: Instrumentation and Metrology in Gravimetry, October 28-30, 2002, Miichsbach Castle, Miinsbach, Grand-Duchy of
Luxembourg, Cah. Cent. Eur. Géodyn. Séismol, Vol. 22, pp. 99-103 (2003).

66. Zurek, J., William-Jones, G., Johnson, D. & Eggers, A. Constraining volcanic inflation at three sisters volcanic field in Oregon,
USA, through microgravity and deformation modeling. Geochem. Geophys. Geosyst. 13, 10013 (2012).

67. Liu, J., Shi, G. & Zhu, K. High-precision combined tidal forecasting model. Algorithms 12, 65 (2019).

68. Jentzsch, G. Earth tides and ocean tidal loading. In Tidal Phenomena (ed. Jentzsch, G.) 145-171 (Springer, 2005).

69. Matsumoto, K., Sato, T., Takanezawa, T. & Ooe, M. Gotic2: A program for computation of oceanic tidal loading effect. J. Geodet.
Soc. Jpn. 47,243 (2001).

Acknowledgements

This research is supported by the NRF through NRF2021-QEP2-03-P06. The authors would like to thank Johna-
than Kim for organizing the logistics of the geophysical survey, Karen Lythogoe for a fruitful discussion on
seismology, as well as, Maung Maung Phyo, Yukuan Chen, Yu Jiang, and Nurdin Elon Dahlan for assisting with
preparations of the geophysical survey.

Author contributions

N.S. and K.S.L. conducted the data analysis. K.S.L., EE.O., E.M., C.H. and R.D. conducted the data collection
during the survey. EE.O. operated the atomic gravimeter. S.W. and R.D. conceived the project. N.S. and R.D.
contributed to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:6511 | https://doi.org/10.1038/s41598-024-57253-1 nature portfolio


http://www.weather.gov.sg/climate-historical-daily/
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Geophysical survey based on hybrid gravimetry using relative measurements and an atomic gravimeter as an absolute reference
	Motivation
	Methods
	Results
	Future perspectives
	Discussion
	References
	Acknowledgements


