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Abstract in a context of global change and increasing anthropic pressure on the environment, monitoring
the Earth system and its evolution has become one of the key missions of geosciences. Geodesy is the
geoscience that measures the geometric shape of the Earth, its orientation in space, and gravity field.
Time-variable gravity, because of its high accuracy, can be used to build an enhanced picture and
understanding of the changing Earth. Ground-based gravimetry can determine the change in gravity
related to the Earth rotation fluctuation, to celestial body and Earth attractions, to the mass in the direct
vicinity of the instruments, and to vertical displacement of the instrument itself on the ground. In this paper,
we review the geophysical questions that can be addressed by ground gravimeters used to monitor
time-variable gravity. This is done in relation to the instrumental characteristics, noise sources, and good
practices. We also discuss the next challenges to be met by ground gravimetry, the place that terrestrial
gravimetry should hold in the Earth observation system, and perspectives and recommendations about the
future of ground gravity instrumentation.

Plain Language Summary In a context of global change and increased human vulnerability to
terrestrial hazard, monitoring the Earth system is one of the key challenges of geoscience. In particular,
terrestrial gravimetry, with its precision at the level of one part of a billion, allows the monitoring of many
phenomena, from water resource availability to volcanic activity. This paper reviews the technique, its
advantages and limitations, how it has been used in the Earth monitoring, and the next challenges to be met
by ground gravimetry.

1. Introduction

Gravity is the magnitude of the gravity acceleration experienced by a body at the Earth surface resulting from
the gravitational attraction of the Earth, the Sun, the Moon, and the planets and from the centrifugal effect
associated with the Earth rotation. Gravity g is at the level of 9.8 m/s?, though the exact value varies in both
time and space, in response to any phenomena that affect the mass distribution around the sensor at all spa-
tial scales, the Earth rotation, or the tides. The measure of time-variable gravity, because of its high accuracy,
sensitivity, and sampling rate, allows the detection of signatures of elusive phenomena at the 10~ level or
smaller, which can be used to build an enhanced picture, and understanding, of the changing Earth.
Gravity can either be measured directly, using a ground or space device measuring its action on a test mass,
or inferred indirectly, from quantities directly linked to gravity, such as sea surface topography.

In a context of global change and increasing anthropic pressure on the environment, monitoring the Earth
system and its evolution has become one of the key missions of the geosciences. Geodesy is the geoscience
that measures the geometric shape of the Earth, its orientation in space, and its gravity field, as well as the
changes of these properties with time. Gravimetry, that is, the measure of gravity, is an important part of
the Global Geodetic Observing System (GGOS) (Plag & Pearlman, 2009), which aims at monitoring, mapping,
and understanding changes in the Earth’s shape, rotation, and mass distribution. Ground-based gravimetry
can determine the change of gravity related to Earth rotation fluctuations, to celestial body and Earth attrac-
tions, to the mass variations in the direct vicinity of the instruments, and also to distant sources, and to
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displacement of the instrument itself due to ground deformation. Gravity measurements contribute to risk
assessment and mitigation, by improving our understanding of past and present ice mass changes
(Kazama et al., 2013; Lambert et al., 2006; Larson & van Dam, 2000; Mazzotti et al., 2011; Mémin et al,,
2011; Omang & Kierulf, 2011; Ophaug et al,, 2016; van Dam et al., 2017), subsidence of low-lying areas
(Van Camp et al.,, 2011; Zerbini et al., 2007), ground water resources (Creutzfeldt et al., 2010; Fores et al,,
2017; Hector et al, 2015; Imanishi et al,, 2013; Jacob et al, 2010; Kennedy et al., 2014; Lampitelli &
Francis, 2010; Van Camp, de Viron, Pajot-Métivier, et al., 2016; Van Camp et al., 2006), and earthquakes
(Imanishi, 2004; Montagner et al., 2016; Van Camp et al., 2011). Concurrently, terrestrial gravity measurements
play a key role in the new definition of the kilogram (Stock, 2013), and our understanding of environmental
effects affecting the gravity measurements will be useful to assess the Newtonian noise affecting gravita-
tional wave detectors (Coughlin et al., 2016; Harms & Venkateswara, 2016).

Ground gravity measurements are also useful to map the gravity field, allowing to reveal small-scale
(<100 km) geological structures (Mickus, 2003; Reynolds, 2011). Apart from measurements performed by
classical gravimeters, airborne and seaborne gravimeters bring valuable information on static and dynamic
geophysical phenomena and bridge the gap between terrestrial and satellite measurements of the static
gravity field.

The precision of the best gravimeters has reached 0.1 nm/s> (10~"" g) at a period of 1 min, but retrieving the
information at that level of precision is challenging. Indeed, the measured quantity integrates the gravity
effect of many phenomena into one single number. Separation of the sources can only be achieved by
one of the three following methods:

1. When one of the mixed signals is known precisely enough, it can be subtracted from the data; this is the
case, for example, for Earth rotation changes.

2. When one of the mixed sources has a time/frequency behavior that is unique, it can be separated by
signal processing techniques; this is the case, for example, for Earth tides.

3. When different measurement techniques or models, such as geophysical, geodetic, or seismic measure-
ments and climate models (Valty et al., 2013), are available, with different transfer functions, combining
the information can help to achieve source separation.

In addition to the source separation issue, interpreting the gravity signals should be considered with caution
in view of the possible environmental and instrumental artifacts. Gravity measurements are cumulative
observations and have a particular space-time transfer function. Hence, these measurements are extremely
sensitive to local water storage changes, ocean loading, and atmospheric effects, which induce time-
correlated signatures in the gravity time series (Van Camp, de Viron, & Avouac, 2016; Van Camp et al.,
2010). Neglecting these signatures leads to underestimating the uncertainties on the computed gravity rates
of change (Agnew, 1992; Van Camp et al., 2005; Williams, 2003). A better understanding and quantification of
these effects is a prerequisite to any geophysical interpretation of gravity surveys.

This paper reviews the insights about the Earth system that can be gained from terrestrial measurements of
time-varying gravity, considering the noise and artifacts affecting the measurements, as well as the geophy-
sical phenomena that are best suited for investigation using this technique. A comparison with the review
paper of Crossley et al. (2013) evidences the progress made in the last 4 years in gravimetry and, more
generally, in geodesy.

Terrestrial gravimeters are generally cumbersome, expensive, and tricky to use, which limits their contribu-
tion to Earth study, but the next generation of gravimeters may change that picture (Rymer, 2016). Cold atom
(Debs et al.,, 2013) and MEMS (microelectromechanical system; Middlemiss et al., 2016) gravimeters are under
development; they would be more transportable, would be absolute in the case of atom instruments, and
may become less expensive if more instruments are produced.

2, Measuring Gravity

There are two families of gravimeters: the absolute and relative ones. Absolute gravimeters give direct access
to the gravity value, whereas relative instruments provide gravity variations only. A comprehensive review of
these instruments is beyond the scope of our paper; details on spring gravimeters, pendulum gravimeters,
and classical ballistic gravimeters can be found in the comprehensive paper of Niebauer (2015) and in
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Crossley et al. (2013), Hinderer et al. (2015), and Torge (1989), while superconducting gravimeters, as well as
data processing, are described in detail by Hinderer et al. (2015). A short description of atom gravimeters is
given by Debs et al. (2013).

In principle, measuring absolute gravity is quite straightforward: time and distance of a free-falling object are
measured, as conceptualized by Galileo Galilei, and gravity is inferred from the simple equation of motion:
x=gt?/2. In practice, if high precision is requested, difficulties arise, among other reasons, because the mass
travels a distance of 1 m within half a second, which would require the measurement to be accurate at the
107'° level for the time and 102 for the distance for a measure of gravity at the 10 nm/s? level. Until the
1960s, those precision levels were out of reach, and the most precise, easiest way to determine gravity was
to determine the period of a pendulum and its length (Faller, 1967; Niebauer, 2015). Pendulums then acted
as absolute gravimeters and achieved an accuracy of a few parts in 10~ (Cook, 1965b; Torge, 1989). This level
could be obtained because of the relatively slow and repeated motion but remained mostly limited by fric-
tion at the suspension point (Faller, 1967). It was easier to use pendulums as relative meters, given that sys-
tematic errors caused by the determination of the length or the friction forces are much reduced. Bouguer
(1749) used this instrument as early as the eighteenth century to reveal the latitude dependence of gravity,
as well as altitude, at the 1073 g or 10 mm/s level.

Concurrently to the pendulum, another way to stabilize a test mass is to suspend it with a spring and measure
its deformation caused by gravity changes. The stretch of the spring is proportional to the gravity, the mass,
and the spring constant k, which represents the stiffness of the spring. The test mass, its displacement, and
the spring constant are not known with enough precision to provide the gravity value directly. But, by cali-
brating the deformation at reference stations, the spring gravimeters provide an indirect measure of gravity.
Although springs provide relative instruments only, they have dominated field gravity measurements since
the 1930s, when one became able to produce sufficiently stable springs.

2.1. Absolute Gravimeters

2.1.1. Classical Free-Fall Gravimeter

The ballistic absolute gravimeters (AGs) could only be achieved with sufficient accuracy in the 1950s, when
electronics, quartz clocks, and vacuum technology made it possible to reach the then required accuracy level
of 107 (Cook, 1965b; Torge, 1989). The test mass travels in a vacuumed dropping chamber, but this was not
the most challenging issue. As stated above, the most difficult task consists in measuring time and distances
with the required precision. In the 1950s, distance/time measurements were performed through photogra-
phy of the falling object (Preston-Thomas et al., 1960; Thulin, 1958; Volet, 1946, 1952). Later on, interfero-
metric measurements were performed at three positions using white light source during the falling, as
pioneered by Faller in 1962, who used the Sun as a bright light source (Faller, 1965). Photographic and inter-
ferometric methods allowed a precision of a few 1076 g (Cook, 1965b). Eventually, the advent of coherent
laser sources made it possible to increase to a much larger extent the number of positions, allowing to reach
the 1077 g or 1 um/s” level.

Another challenge was to develop a stable reference frame to measure the distance. In an absolute gravi-
meter, a test laser beam bounces off the free-falling body before being reflected back to the interferometer,
where the test beam interferes with a reference one. While the dropped mass is completely isolated from the
Earth’s vibrations during its fall, anthropogenic and natural microseismic noises continuously modify the
position of the reference mirror of the interferometer. Even in the absence of an earthquake, the displace-
ments of the Earth’s surface are persistent and location and season dependent, reaching up to a few micro-
meters close to the coast (Kedar et al., 2008), while one should measure the free-fall distance at the 1 nm
precision level in order to achieve a precision on gravity of 10 nm/s°. In the first white-light gravimeter, the
measurements of gravity were corrected by using the records from a 1 s period seismometer. Early in the
1980s, Rinker (1983) developed the so-called Super Spring, that is, a modified seismometer providing an
inertial reference system at periods shorter than about 1 min—the suspended mass of a seismometer pro-
vides an inertial reference frame, independent from the motions of the Earth, at periods shorter than the
resonance frequency (Aki & Richards, 2002). The challenge consisted in producing a suspension device of
which the free period is about 1 min, that is, longer than the periods ranging 5-20 s, where microseism is
the strongest. Introducing this long-period seismometer increased the precision of the absolute gravimeter
by 2 orders of magnitude (Figure 1). This allowed achieving the few 1072 g level. Nowadays, apart from
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Figure 1. FG5 gravity measurements with operational and locked superspring.
Standard deviations are 41 and 1,957 nm/sz, respectively. The data were

taken at the Rochefort station (50.1552°N, 5.2256°E), 28 March 2017, 07:15
(superspring locked) and 07:43 UTC (superspring operational). The average
gravity value 9.81011440 m/s? has been removed.

the Super Spring device, other absolute instruments use passive and
active insulating methods (Hensley et al., 1999). In passive systems,
the interferometer signal is corrected by using the acceleration mea-
sured by a seismometer (Le Gouét et al., 2008); in active devices the
signal of the seismometer stabilizes the position of the reference mirror
(Hauth et al,, 2013; Hensley et al., 1999; Wu et al., 2017). Due to the sta-
bilizing mechanical device, the active method is more complex to
implement and would make field instruments heavier and more diffi-
cult to set up.

Absolute instruments are also sensitive to tilts, which introduces an
optical length perturbation. An appropriate design of the interferom-
eter can ensure that the gravimeter is only second-order sensitive to
tilts of the ground. This was realized by keeping the test and reference
interferometer arms in a vertical line (Niebauer et al., 1995). During the
setup of an FG5 instrument (Figure 2), a pool of alcohol serves as a hor-
izontal mirror, which is used to level the gravimeter with a precision
within 44 prad to ensure a measurement of gravity at the level
of 10 nm/s%

Concurrently with the free-fall instruments, rise and fall instruments have been developed since the 1960s
(Amalvict, 2010; Cook, 1965a; Sakuma, 1963). While free-fall instruments require at least three time-position
pairs, rise and fall need only two: the separation between two positions and the transition time differences
between rise and fall (Faller & Marson, 1988; Torge, 1989). This was considered as advantageous in the
1960s but not nowadays, as both types record more than 1,000 time-position pairs. An advantage of the rise
and fall method is that being symmetric, it is less sensitive to the effects of the residual air and some timing
errors (D’Agostino et al., 2008; Faller & Marson, 1988). However, throwing a mass vertically is challenging,
because of the important release velocity (Marson, 2012). The main advantage of the free-fall method is its
mechanical simplicity, making it easier to attain a high sampling rate, that is, a drop every few seconds in clas-
sical instruments or a few tenths of a second in atom gravimeters.

Figure 2. (left) The FG5#202 absolute gravimeter at the Membach station, Belgium and (right) an FG5X at the Walferdange
station, Luxemburg. The box with the red connector is the ion pump, maintaining a vacuum in the dropping chamber
(upper cylinder) at the 107° atmosphere level. Credit: K. Vanneste, Royal Observatory of Belgium (Figure 2, left), O. Francis,

U. Luxemburg (Figure 2, right).
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Figure 3. The Muquans absolute quantum gravimeter, based on laser-cooled atoms. Credit: Muquans.

For completeness, let us mention the A10 portable absolute gravimeter from Micro-g LaCoste, which is easier
to use outdoors, in harsh field conditions (Ferguson et al., 2008). The A10 instrument is smaller than an FG5
one, it has automated leveling, both the vacuum and interferometer base are temperature regulated, and it
has a dropping rate of 1 Hz, allowing acquiring a large quantity of data in a very short time. However, it is
about 10 times less precise and accurate than an FG5 gravimeter.

In summary, modern rise and fall and free-fall instruments use an interferometer, a highly stabilized laser, a
vacuum chamber in which the test mass travels vertically, a long-period seismometer providing a reference
frame, a fringe detector, a counter, and a computing unit for data acquisition and the calculation of g. An
atom clock and the wavelength of a laser act as time and length standards. Given that the meter definition
is reduced to a time measurement (Giacomo, 1984), absolute gravity measurements are directly connected
to the International System base unit of time.

2.1.2. Quantum Free-Fall Gravimeter

In the 1990s it became possible to produce atoms cooled down to microkelvin. Cold atoms have opened new
paths in physics (Phillips & Metcalf, 1987). Among others, it allowed using cold atoms as test masses to mea-
sure gravity (Peters et al., 1999, 2001; Zhou et al., 2015). Hence, one benefits from the wave-matter duality of
atoms, which are used as both test mass and wave to measure the traveled path. A great advantage of atom
instruments consists in the absence of moving parts, avoiding mechanical wear. Results from laboratory tests
show that the atom gravimeters provide an accuracy and precision similar to classical ballistic gravimeters
(Freier et al.,, 2016; Gillot et al., 2014). Atom gravimeters also measure at a higher sampling rate, in principle
up to a few hertz, which makes the mitigation of microseismic noise easier. As these instruments (Figure 3)
are still being developed, new achievements may make them even more competitive in the near future.
Note that by comparing atom and classical FG5 gravimeters, Peters et al. (1999) provided the best test of
the equivalence principle, showing that cesium atoms and macroscopic objects fall with the same accelera-
tion, to within 7 parts in 10°.

2.2. Relative Gravimeters

In relative gravimeters, a proof mass is suspended by using a mechanical spring in classical gravimeters or
through magnetic levitation in superconducting instruments.

2.2.1. Spring Gravimeters

The spring instruments are mostly used for regional mapping of gravity. The gravimeter reading is taken at a
reference station where gravity is known. This could be achieved with spring gravimeters in the 1930s when
Lucien LaCoste invented the zero-length spring, which made it possible to produce spring-based suspen-
sions stable and sensitive enough to measure gravity changes in space with a fair precision.
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Before the advent of electronics in the 1960s, the displacement of the
suspended beam was measured optically, and, as a modern electronic
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gravimeters are not stable enough at long or very long term—a few

Figure 4. Drift rate (linear component) of the instrumental drift of CG-5 Scintrex days for poor spring instruments to a few months for superconduct-

Autograv SN-070340236 (black dots), adjusted 332 day cycle and trend (blue
solid line), and drift rate after removing the adjusted cycle and trend (green
dots). As for Gettings et al. (2008), we do not have any explanation for this

oscillation.

ing and outstanding spring gravimeters—and most of the present
absolute gravimeters cannot be operated continuously, as they rely
on mechanical devices that are subject to wear. Continuous measure-
ments are thus achieved using relative spring or superconducting
gravimeters, which allow long-term monitoring but with a quasi-linear
instrumental drift. The drift affecting relative instruments may be linear or exponential (Bonvalot et al,,
1998; Okiwelu et al., 2011; Parseliunas et al., 2011; Schilling & Gitlein, 2015; Van Camp & Francis, 2007). It
reaches up to thousands of nm/s?/d for spring gravimeters (Figure 4) and a few tens of nm/s/yr for super-
conducting gravimeters (Fores et al., 2017; Hinderer et al., 2015; Van Camp & Francis, 2007). The drift is esti-
mated by comparing the relative meters with absolute measurements or by repeating relative surveys at a
reference station where gravity is measured or supposedly stable (Debeglia & Dupont, 2002; Hinderer
et al, 2016).

In the future, continuous measurements could also be performed by absolute atom gravimeters, which are
not subject to wear. However, they are constrained by the lifetime of the laser.

Among the spring instruments, metal springs, as in Micro-g LaCoste gPhone and Burris gravimeters (Jentzsch,
2008; Niebauer, 2015; Schilling & Gitlein, 2015), or quartz spring gravimeters, as in Scintrex CG-3, CG-5, and
CG-6 instruments (Niebauer, 2015; Seigel et al., 1993), were the most common in the 2010s (Figure 5). A
change in gravity induces incremental vertical force acting on the test mass, counteracted by a feedback vol-
tage acting on capacitor plates in order to maintain the test mass in position, which ensures linearity (Levine
et al., 1986; Wielandt, 2002). The measurement of the spring gravimeter is the feedback voltage, as it is pro-
portional to the gravity change.

Quartz spring gravimeters appeared in the early 1990s. Advantages of a quartz device are as follows: quartz is
easy to work, allowing fusing the frame, the spring, and suspension points, hence providing a monolithic con-
struction, which reduces the possibility of slippage or deformation; quartz is not influenced by external mag-
netic fields; and quartz gravimeters are more resistant to tares than metal spring meters, and they do not
need a clamping system. However, the temperature dependence of quartz is larger than most metal springs
by 3 orders of magnitude (5.3 - 10~* K" versus 5.5 - 10~7 K~ for low-temperature coefficient metal), and
these instruments also suffer from a strong, changing drift (Figure 4). They can nevertheless be used for tidal

|

Figure 5. Three relative gravimeters: (left) Micro-g LaCoste gPhone (metal spring); (middle) Scintrex CG-6 Autograv (quartz
spring); (right) Burris gravimeter (metal spring). Credit: Micro-g LaCoste, Scintrex Ltd, and ZLS Corporation.
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Figure 6. (a) GWR iGrav superconducting gravimeter, with the cryocooler on the right; (b) diagram of the gravity sensing
unit: Sphere and upper, center, and lower plates of displacement transducer; with magnetic flux (red dotted lines) from
upper and lower coils expelled from sphere interior. Credit: GWR Instruments, Inc.

analyses (Bonvalot et al., 1998; Ducarme & Somerhausen, 1997; Meurers, 2012) but are useless for phenom-
ena with a period longer than a few days. Metal spring gravimeters are more stable and have been used
for continuous monitoring in a broad range of applications such as studies of active volcanoes (Branca
et al,, 2003; Carbone et al., 2006, 2007; Gottsmann et al., 2011; Hautmann et al., 2014; Jousset et al., 2000).
However, the long-term stability of spring gravimeters is usually not sufficient to resolve weak gravity signals,
as those (typically smaller or equal to 100 nm/s?) caused by hydrological systems. In the 2010s, the new
Micro-g LaCoste gPhone and gPhoneX gravimeters reached a precision sufficient to detect hydrological
effects (Sugihara & Nawa, 2012; Tanaka et al., 2013; Van Camp, Francis, et al., 2016). The gPhone instrument
obeys the same operating principle as the classical LaCoste gravimeters, with an improved thermal system
and vacuum seal. The gPhoneX benefits from an improved electronics, which lowers its noise level between
1 and 20 mHz (Figure A11). This makes the instrument insensitive to temperature changes and buoyancy
effects due to atmospheric pressure variations.

The gPhone gravimeters are very sensitive to power outages, as the thermostatization is lost and the instru-
ments need several weeks before they stabilize again. Hence, it is recommended to provide an efficient unin-
terruptible power system.

2.2.2. Superconducting Gravimeters

The most precise relative instrument is the superconducting gravimeter (SG) (Figure 6), as introduced by
Prothero and Goodkind (1968). The first two commercially available instruments were installed in 1981 in
Brussels, Belgium, and Bad Homburg, Germany (Hinderer et al., 2015). The fundamental component of the
superconducting gravimeter, also called cryogenic gravimeter, consists in a hollow superconducting sphere,
used as a proof mass, that levitates in a persistent magnetic field generated by currents in a pair of supercon-
ducting coils (Goodkind, 1999; Hinderer et al., 2015). The superconducting property of zero resistance allows
the currents that produce the magnetic field to flow forever without any resistive loss. This could be achieved,
for example, for more than 22 years in Metsahovi (Finland), a record that was broken in Membach (Belgium)
on 18 September 2017 (van Camp, 2017). Superconductivity is obtained by immersing the sensing unit in a
liquid helium bath at 4 K (—269°C). Early instruments required 200 L of liquid helium every month; nowadays,
a cryocooler allows liquefying gaseous helium and operating the instrument without almost any helium loss.
In the case of power outage, the Dewar contains enough liquid helium (16 L) to ensure about 10 days of
cryogenic conditions.

A change in gravity induces a vertical force on the sphere. As in modern spring gravimeters, the mass is kept
at a constant position, by injecting a current in an auxiliary feedback coil. Current SGs have a power spectral
density noise level ranging typically 1-10 (nm/s?)?/Hz (Figure A11), which means that they are able to detect
temporal gravity change ranging 0.1-0.3 nm/s? (or 10-30 nGal) within 1 min (Fores et al.,, 2017; Rosat &
Hinderer, 2011; Van Camp et al,, 2005). Superconducting gravimeters are provided with tiltmeters and ther-
mal levelers, which compensates for tilts larger than 3 prad, corresponding to 0.05 nm/s® (Hinderer
et al, 2015).
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Figure 7.In dark gray, the tidal signal simulated at the Membach station
(Belgium, 50.61°N, 6.01°E, days since 8 July 2014, 00:00). In blue, evolution of
the error on the calibration (per mille) as a function of the number of days. In red,
the 1/\/N law normalized on the first value of the standard deviation. Due

the decreasing amplitude in the tidal signal, the precision does not decrease as
1/+/N. The absolute gravimeter time series are synthesized by adding a
Gaussian white noise of amplitude 70 nm/s” to the tidal signal (10 s sampling
interval, continuously). Modified from Figure 1b of Van Camp, Meurers, et al. (2016).

2.2.3. Microelectromechanical Systems

In 2016, a microelectromechanical system (MEMS) device was first used
as a gravimeter (Middlemiss et al, 2016). MEMS are microscopic
mechanical devices made from semiconductor materials. Presently,
sensibility to tilts, temperature, and internal friction (Chin et al., 2005)
limit the stability in time of the MEMS-based gravimeter. Its noise level
is insufficient for geophysical studies: 107 versus respectively 10'-10*
(nm/s%)?/Hz for superconducting and spring gravimeters at the fre-
quency of 0.1 mHz. Moreover, the ability to measure location-
dependent gravity variations has not been demonstrated yet.
However, those light instruments could revolutionize expensive air-
and sea-borne gravimetry, for example, if such a device could be
installed on a drone and be able to monitor gravity changes with a pre-
cision better than 1,000 nm/s*. Because of their low consumption and
potential low cost, they could also be deployed as a dense array around
specific structures such as volcano, hydrothermal, or karst systems.
2.2.4. Calibration and Tilts

Relative instruments must be calibrated. Usually, spring gravimeters are
calibrated by measuring gravity differences along a calibration line,
that is, between different stations where gravity is determined by abso-

lute gravity measurements. The superconducting gravimeters measure continuously at a station; they are
usually calibrated at the per mille—that is, one thousandth—Ilevel by measuring side by side with an absolute
gravimeter (Francis et al.,, 1998). It is possible to reach the per mille level by measuring for 48 h at spring tide
(Figure 7) and increasing the sampling rate to one drop per 5 s. Then, the experiment must be repeated at
least seven times to achieve the per mille level with a 99% confidence interval (Van Camp, Meurers, et al.,
2016). Given that the peak-to-peak amplitude of the tidal signal amounts about 2,500 nm/s?, calibrating a
gravimeter at the 1%o level means that the peak-to-peak amplitude of the tides is measured with an uncer-

tainty of 2.5 nm/s>.

Other methods, as moving a known mass round the instrument (Achilli et al., 1995), installing the gravimeter
on a calibration platform (Richter et al., 1995), or comparing with spring gravimeters (Meurers, 2012), also pro-
vide an estimation of the calibration factor at the per mille level. When comparing gravimeters, one assumes
that the superconducting instrument is error free. In practice, this is not the case and may induce a systematic
negative bias in the estimation of the calibration factor. This is known as attenuation or regressions dilution
bias (Hutcheon et al.,, 2010). If the standard deviation of the noise affecting the superconducting gravimeter is
at least 100 times lower than the RMS amplitude of the tidal signal used to compute the calibration factor,
then the attenuation bias remains lower than the 1%o level (Van Camp, Meurers, et al., 2016). This can be
achieved by measuring when the microseismic noise is low or by applying a least squares filter with cutoff
frequency of 0.05 Hz and length of 60 s. This is an appropriate choice as the microseismic noise is strong
above 0.05 Hz and because this frequency remains high enough not to remove a common signal to the

two gravimeters.

Gravimeters are sensitive to tilts 8 with respect to a vertical orientation, which causes, at the first order, gravity

to diminish by

1
75982 = —4.910°0° nm/s? (M

where @ is in radians. One microradian subtends an arc length of 1 mm at a distance of 1 km. The long-
term observations of the gPhones can be further improved by providing them with an active tilt control
system, such as the one built at the University of Luxemburg (Francis et al., 2014). It allows stabilizing the
instrument at periods longer than a few days. Meanwhile, Micro-g LaCoste introduced the commercial
Odin leveling platform, which uses the temperature controlled hydraulic legs to correct for tilts with a
subarcsecond resolution (Scintrex Ltd, 2017). It is also possible to compensate tilts affecting LaCoste
and Romberg instruments by applying a posteriori a correction computed from electronic levels data

(Carbone & Greco, 2007).
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Scintrex CG-5 and CG-6 gravimeters allow for numerical correction of plumb line misalignments by using the
signals of tilt sensors. As those show time-variable offsets and sensitivity, they need to be regularly
calibrated. Levelers were also used on a Scintrex CG-3M spring gravimeter to monitor gravity changes on
the seafloor. Hence, using a 446 day record made in the North Sea by ROVDOG (Remotely Operated
Vehicle-deployed Deep-Ocean Gravimeter), Sasagawa et al. (2008) could obtain a standard deviation on
100 s averages, tide-corrected time series of 44 nm/s> and even 13 nm/s> when selecting 11 quiet days
when the microseismic noise was low. The North Sea experiences also showed that it is possible to perform
seafloor gravity surveys with an uncertainty smaller than 50 nm/s> (Nooner et al, 2007; Sasagawa
et al., 2003).

2.3. General Issues

In principle, the best way to measure time-varying gravity consists in measuring continuously using a relative
instrument at given stations. However, instruments are expensive, typically US$100,000-300,000 for relative
instruments and US$500,000 for absolute ones, and operating a station implies maintenance tasks. Moreover,
a relative gravimeter requires calibration and correction of its instrumental drift, which is done using absolute
measurements that must be performed once a year at least. Hence, to reduce costs, it is more common to
repeat gravity measurements using spring or absolute gravimeters at different points. More details on field
techniques, data processing, and noise sources of terrestrial measurements are beyond the scope of this
paper but of sufficient relevance to be given in Appendix A.

The Gravity Recovery And Climate Experiment (GRACE) mission has demonstrated the feasibility of measur-
ing from space the gravity signature of a broad spectrum of phenomena that also affect terrestrial gravi-
meters: groundwater and ice mass balance, coseismic and postseismic effects, or glacial isostatic
adjustment (Tapley, 2004; Wouters et al., 2014). GRACE consists of two identical satellites in near-circular
orbits at 500 km altitude; separated from each other by 220 km. Space variable gravity potential of the
Earth generates perturbations of the satellite orbits, which alter the distance between the satellites. By mea-
suring this distance as a function of time through a microwave ranging system, one can infer information on
the mass distribution and its movements within the Earth system.

GRACE provides relative measurements, such as spring and superconducting gravimeters. But the spatial
resolution is very different from what can be achieved with ground instruments. Groundwater storage is het-
erogeneous in space and variable in time at scales below the spatial and temporal resolutions of GRACE, pre-
venting one from retrieving local hydrological effects (Van Camp et al, 2014a, 2014b, 2010). Terrestrial
measurements provide high-precision information about the time evolution of mass distribution in the
few kilometers square around the instrument (Creutzfeldt et al, 2008; Gilintner et al., 2017), whereas
GRACE, with a 400 x 400 km? resolution, provides high-quality information about the mass distribution at
the regional and global scales. Van Camp et al. (2014a, 2014b) showed that it is meaningless to compare
the hydrological signal as seen by terrestrial gravimeters to GRACE, as it is not possible either to assess the
mass distribution in the close vicinity of the instrument or to average out the local contribution by using a
coarse network, considering the sparse distribution of terrestrial instruments.

For completeness let us mention other satellites such as the Laser Geodynamic Satellite (LAGEOS) (Seeber,
2003), the Challenging Minisatellite Payload (CHAMP) (Reigber et al, 2002), and the Gravity field and
steady-state Ocean Circulation Explorer (GOCE) (Pail et al., 2011). These missions were appropriate to the
measurements of the mean, static gravity field. By combining the data of GRACE, GOCE, and LAGEQOS with
surface data, one could provide a high-resolution model of the global, static gravity field with a spatial reso-
lution of about 100 km (Forste et al., 2014).

2.4. Main Components in Time-Varying Gravity Signals

When initiating measurements with a gravimeter at the surface of the Earth, the strongest signal that appears
is due to Earth tides, of which the peak-to-peak amplitude reaches about 3,300 nm/s% As already explained,
this periodical phenomenon is relatively easy to correct at a few nm/s? level. However, it remains difficult to
reach the nm/s? level (Ducarme, 2009; Kroner et al.,, 2005; Van Camp, de Viron, Pajot-Métivier, et al., 2016).
When this is done, natural and anthropogenic microseismic signals are clearly visible at periods shorter than
50 s. When this high-frequency signal is removed using a low-pass filter, a strong correlation between the
gravity time series and the atmospheric pressure appears. This can be corrected as described in
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Figure 8. Hourly time series from the superconducting gravimeter GWR#C021 installed at the Membach station, Belgium.
Data were taken from August 1996 until July 2016. (a) Time series after correcting for the instrumental drift; (b) same as
Figure 8a after correcting for tidal effects; (c) same as Figure 8b after correcting for atmospheric pressure effect using an
admittance of —3.3 nm/sZ/hPa; (d) same as Figure 8c after correcting for the polar motion effects; (e) same as Figure 8d but
without removing the exponential instrumental drift which amounts —667x exp(—0.108t)nm/sz/yr, equivalent to about
+10 nm/sz/yr in 2016; (f) power spectrum densities of the series shown in Figures 8a-8d. The quartdiurnal, terdiurnal,
semidiurnal, and diurnal bands S4-S1 are shown, as well as the fortnightly and annual periods.

Appendix A; then, with lower amplitude, centrifugal effect change due to polar motion is easy to observe and
correct (Figure 8). What subsequently remains are hydrological effects, residual tidal and atmospheric signals,

and background free oscillations (“hum”). There are also earthquakes that can have a very large but still
transient signature.

A specific signal coming from one of these phenomena can be properly investigated only if processes with
similar signatures are not recorded in the signal. For example, a phenomenon having a semidiurnal S, or
diurnal S; component will be lost in the tidal analysis process. Conversely, the tidal parameters will be
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influenced by this signal, and separating them will be very difficult unless independent information is avail-
able. In practice, this is what is achieved with the atmospheric signal: a barometric time series is used as an
additional input in tidal analyses in order to separate the atmospheric pressure effects from the tidal ones.
This is also done with the polar motion, which can be modeled using astronomical observations.
Concerning evapotranspiration of ground water by a forest during sunny summer days, this signal is
diurnal, such as the S; component of the tidal and atmospheric effects; nevertheless, it was possible to
extract it because the temporal signature of evapotranspiration is completely different: it looks like a
stair-like effect rather than a sine wave, because evapotranspiration nearly stops during the night (Van
Camp, de Viron, Pajot-Métivier, et al., 2016).

Other instrument-dependent noise sources are described in Appendix A.

3. Monitoring Geophysical Phenomena

The position of ground gravity in the global Earth observation system is defined by the properties of the
observable, which has to pass a Socrates Test of Three:

1. Is it large enough? Ground gravity integrates the effects of mass around the instrument, weighted by the
inverse of the square of their distance to the instrument. In addition, any vertical ground displacement
results in a displacement of the instrument with respect to the Earth, which changes gravity by nearly
20 nm/s?/cm (De Linage et al., 2007; Van Camp et al,, 2011). Hence, ground gravity can be successfully
used for studying two types of phenomena: mass distribution change down to 10 kg at a distance of 1 m
(Figure A7) and vertical ground motion down to 1 mm.

2. Isitunique and separable? A pervasive problem in gravimetry is that surface gravity measurements do not
provide a unique measure of the mass distribution within the subsurface. Is there a way to separate the
signature of the phenomenon from the other contributions to gravity, with the required precision?
Gravity is integrated, which means that a unique value includes the action of all the existing masses
around the instrument, close or very far away. Separation is possible if the phenomenon is so strong that
the other signatures can be considered as noise. This is also the case when even a very small phenomenon
exhibits a distinct time/frequency signature, such as (pseudo)periodic phenomena, of which the return
period is short enough to provide a good signal-to-noise ratio after stacking, or long-term processes so
that the signatures from other sources average out. In addition, phenomena that can be observed by both
gravity and some other techniques can also be separated in the gravity time series. Separating the signals
does not only help to better observe a geophysical phenomenon but also to subtract its effect from the
gravity, allowing to reveal further other phenomena.

3. Is it useful? Considering the very local focus of ground gravity, will that measure bring usable information
about the phenomenon of interest? Do we benefit from a model good enough to interpret the measure-
ments? The precisions of the relative and absolute measurements are at the level of one for 10~ '" and
107°, respectively, making them very sensitive to small or remote phenomena. The response to
Newtonian effects of the terrestrial gravity measurements has a transfer function that amplifies strongly
the local scale and is much less sensitive to everything farther away than 100 m.

Measuring gravity changes at the nm/s? level makes it a very appropriate tool to estimate the groundwater
mass balance: if the process responsible for the gravity variation is homogeneously distributed in the space
close to the gravimeter (e.g., water table or hydrothermal systems changes), the problem can be simplified as
a Bouguer Plate Effect (BPE).

To quantify our purpose, let us consider an infinite, 1 cm thick flat plate of water. Following the Bouguer
approximation, the corresponding BPE corresponds to

Ag =2 7 pGh = 4.2 nm/s? )

with p the density of water, G the gravitational constant, and h the thickness of the slab. Considering that the
precision of measurements performed using a superconducting gravimeter can reach a level of 0.1 nm/s?
(Van Camp, de Viron, Pajot-Métivier, et al., 2016, p. 2016), the groundwater signal can be detected with a layer
as thin as 0.02 mm. Additionally, one can demonstrate, as it is done in Deville (2013), that 90% of the BPE
comes from a volume represented by a cone of which the base radius equals about 10 times its height.
Indeed, relating 90% of the BPE to the vertical component of the gravitational attraction of a horizontal
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N

B thin disc of which the center is placed vertical to the gravimeter, based
on a formulation similar to that of Singh (1977), leads to

Ag = 0.90x2 7 pGh = (1 - )><2 7 pGh 3)

z
Vz2 +r?

where z is the distance between the gravimeter and the disc center,

Figure 9. Cone of sensitivity for masses above and underneath a gravimeter. The

and r is the radius of the disc, as described in Figure 9. Developing this
relationship ends up with d = 9.95 r. This is valid both if the disc is
placed below or above the gravimeter. Thus, 90% of the gravity signal
originating from hydrological processes takes place in a volume repre-
sented by an “hourglass” of which the center is the gravimeter, defining
the gravimetric sampling volume (Figure 9). However, for investigating
shallow processes in the presence of strong topography at the mea-
surement site, it is recommended to compute specific gravity site effect

mass in each colored zone contributes 90% of the gravity signal as monitored based on 3-D models made of, for example, rectangular prisms or sphe-
by the gravimeter; the ratio between vertical distance and the radius of the coneis  rical bodies. Such an alternative approach is required when dealing
z=9.95r (90%),z=19.97r (95%), and z=33.32r (97%). For legibility, the actual with spatially limited hydrological targets such as confined reservoirs

aperture angles of 169°, 174, and 177° could not be drawn. Another representa- 54 satyrated karstic features. This is also an approach that should be

tion of the sensitivity distribution can be found in Kennedy et al. (2014).

preferred for imaging gravity variations related to volcanic activity.

Figure 10 shows the expected gravity signal for two volcanic sources: magma transport in brittle rock, that is,
a dike intrusion and a Mogi model (Mogi, 1958), that is, a spherical cavity. Two typical dike intrusions (Rivalta
etal, 2015) in an existing fissure are modeled: 3 km high and 2 and 5 m wide dikes. The 2 m thick shallow dike
induces a gravity change of about 10 nm/s at 11 km, this increases to 17 km for the 5 m thick one. For deeper
dikes, extending from —5,000 to —7,000 m as observed around the Bardarbunga volcano (Gudmundsson
et al., 2016; Sigmundsson et al., 2014), the distances become 7 and 14 km for density contrasts of 300 and
1,000 kg/m?, respectively. For the Mogi source, changes of 10" kg at a depth between 2 and 6 km induce
gravity variations larger than 10 nm/s?, which can be measured at a horizontal distance of up to 4 km. For
a mass change of 10' kg, at depths ranging 2 to 6 km, a 10 nm/s? gravitational effect can be measured at
distances up to 24 km (Figure 10).

If the response to any of those three questions is no, then ground gravity is useless, and other measurements
should be planned. Otherwise, the signals worth being studied can be local or very large scale:

1. Local. The sensitivity of the ground gravimeter is essentially limited to 1 km? around the instrument.
Phenomena of interest saturate the signal at the kilometer length scale and are small scale enough to
be largely sampled by one or a few instruments. In such contexts, monitoring gravity changes delivers
gravity time series that provide an integrated vision of the evolution of the targeted process, which could
be too deep for surface techniques. Such information is often not reachable by other means, being too
local for space-based sensors. Often, the local phenomena are strong, reaching at least a few thousands
of nm/s2. When they are weak, a careful measurement procedure and identifying the potential temporal
signature improves the chances to detect them. Local phenomena concern, for instance, volcanic and
hydrothermal systems, water or CO, injection sites, karst systems, subsidence processes, landslides, ice
melting areas, erosional processes, or Newtonian noise on gravitational wave detectors (section 3.1).

2. Very large scale. If the length scale of the phenomenon is very large or if its geographical pattern is known,
measuring local gravity magnitude in a few isolated locations is sufficient to fully sample the phenom-
enon. This is the case of the periodic Earth tides, free oscillations after major earthquakes, the episodic
seismic slips at plate boundaries, and of long-term gravity changes related to glacial isostatic adjustment
and the seismic cycle (section 3.2).

Independently from geophysics, it is also relevant to monitor gravity for questions related to metrology and
fundamental physics, as described in section 3.3. All the phenomena described in this section are summar-
ized in Table 1.

3.1. Local Phenomena

When using gravimeters to investigate local phenomena, of which the typical length scale is a few hundred
meters, one deals with Newtonian effects or local displacements. The possible related vertical displacements
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Figure 10. Effects of a Mogi point and dike sources as a function of the horizontal distance, for three depths and two
masses for a Mogi source (Williams-Jones & Rymer, 2002) and two thicknesses for a shallow dike (Dike S similar to
Mount Etna (Branca et al., 2003), or two density contrasts (300 and 1,000 kg/m3) for the deeper case Dike D, extending from
—5,000 to —7,000 m, with a thickness of 3 m; D is similar to the Bardarbunga intrusion (island) (Gudmundsson et al., 2016;
Sigmundsson et al.,, 2014). All the dikes are 48 km long and modeled according to Nagy (1966).

are supposed to be corrected for by using Global Navigation Satellite Systems (GNSS), satellite radar
interferometry, or repeated leveling methods.

3.1.1. Hydrogeology

Gravity measurements inform on local groundwater mass balance, infiltration rates, effective porosity, or
hydraulic conductivity of aquifers and contribute to model calibrations (Kennedy et al., 2016). In a changing
world, accurately assessing the terrestrial hydrological cycle remains a key challenge of the geosciences, as
sustainability requires knowing the availability of freshwater, mitigating the flood hazard, or identifying
actual evapotranspiration.

The first application of gravimetry in hydrogeology, often called hydrogeodesy or hydrogravimetry
(Christiansen et al,, 2011; Ferré et al,, 2009), was published by Montgomery (1971), who investigated
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Table 1
Summary of the Geophysical Phenomena Described in Section 3
Expected Required
Phenomenon and Scientific Signature Precision Difficulties and Required
Challenge Period Level (nm/s?) (nm/s?) Improvements Added Value of Gravity
Hydrogeology: Ground water 1 min to 0.1 to a few <0.1 Building a comprehensive Mass integrated at local scale
mass balance decades hundred model and correcting
atmospheric effects
Volcanology: Determining the 1 min to 0.1 to 10° 1-10 Separating hydrological effects Density changes and mass
functioning of the volcanic decades and harsh field conditions transport
plumbing system
Reservoir monitoring: 1 min to 0.1 to a few <0.1 Complete model and modeling Mass integrated at local scale
Monitoring water storage and decades thousands atmospheric effects and transfer of masses
migration, oil, natural gas, or
CO,, storage
Subsidence: Determining Months to 10-500 1 Separating hydrological effects Density change
compaction processes, cause decades
of the subsidence
Tides: Identifying the best solid 6 h to decades Up to 3,000 <0.1 Instrumental hazard, Amplitude and phase of the
Earth tidal model minimizing tares, precise gravity tidal waves
instrumental transfer
function: stable calibration
factor, determined at better
than the 0.1% level;
instrumental time lag with a
precision of 0.01 s
Improving ocean loading
models, better separating
atmospheric and
hydrological effects
Earth free oscillations: 100 s to 3,240 s Up to 10 <0.01 Modeling atmospheric effects Accurate eigenfrequencies,
Improving Earth’s model, 3-D Determining precise quality factor of each mode
tomography of the mantle instrumental transfer (i.e., its attenuation), and
and inner and outer cores function calibrated amplitudes
Slow slip events: Physics of the Minutes to Up to a dozen <1 Separating hydrological effects Mass changes, migration of
phenomenon, for example, years fluids, and measuring low-
role of water frequency oscillations
Glacial isostatic adjustment: Ice Years Up to 50/yr <1 Accuracy of the AG Providing the gravity rate of
load history, viscoelastic Separating hyd.rolog|cal effects, SR e lEe e g
models of the mantle, long-term climate changes z
separating present, elastic ratio
adjustment from the past,
viscoelastic one
Preseismic and coseismic cycle: Seconds to 0.1 to a few <1 Accuracy of the AG Slow and fast mass
Role of water in triggering decades thousands Separating hydrological effects displacements
earthquakes, anelastic effects,
source process, and early
warning
Postseismic relaxation: Seconds to 1to afew <1 Accuracy of the AG Providing the gravity rate of
Viscoelastic models of t.he decades hundreds/yr Separating hydrological effects Tt o Gl T g
mantle and poroelasticity z
ratio, ground water transport
Metrology: Determining the When required = <10 Accuracy of the AG Gravity value

Planck constant, redefinition
of the S.I. base unit;
traceability of geodetic and
seismic measurements
Gravitational waves: Reducing
the Newtonian noise in
gravitational waves detectors

30 Hz to a few
seconds

Separating the atmospheric and
hydrogeological effects

Monitoring mass movements
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Figure 11. (left) Deciduous forest; the back is 48 m above the gravimeter; (right) gravity water content (GWC, blue, in
percent) and inverted gravity signal (red, in nm/sz; the actual gravity signal increases because the gravimeter is under-
ground, below the surface soil moisture). Time is in hours (local solar time). Stacked values for 139 dry days. The stacking is
performed in the months of June from 2005 to 2014. Between 4:40 and 17:40 the gravity water content diminishes by
0.57 £ 0.02 percentage point and gravity increases by 0.66 + 0.14 nm/sz, which is equivalent to 1.7 £ 0.3 mm of water. The
subsurface lateral flow was separated from the diurnal evapotranspiration signal by removing a linear trend fitted over
the nighttime pattern. From Van Camp, de Viron, Pajot-Métivier et al. (2016).

ground water specific yield by performing time lapse microgravity measurements. The high uncertainties on
measuring techniques at that time limited the use of time lapse microgravimetry in hydrology.

Nowadays, gravimetric techniques allow us to monitor hydrogeological effects at a scale of up to 1 km?, for
signal ranging a few thousands of nm/s? to less than 1 nm/s2. Several studies have demonstrated the
strength of gravity observations for monitoring quantities related to the water cycle, such as soil moisture,
rainfall, groundwater storage, hydrothermalism, or snow covering (Creutzfeldt et al.,, 2014; Hector et al,,
2015; Hemmings et al., 2016; Imanishi et al., 2006; Jacob et al.,, 2008; Pool & Eychaner, 1995; Van Camp
et al.,, 2006; Wilson et al., 2012).

Gravity measurements have also been used to support the monitoring of evapotranspiration, the process
whereby liquid water is converted into water vapor by the vegetation. Its assessment is critical to estimate
ground water recharge and strongly controls energy transfer between the Earth and the atmosphere.
Using a superconducting gravimeter, Van Camp, de Viron, Pajot-Métivier, et al. (2016) observed the diurnal
evapotranspiration from a deciduous forest. They identified average daily changes in gravity at the level,
or smaller than 1 nm/s?, which corresponds to 1.7 mm of water per sunny summer day. This is at the limit
of the terrestrial measurements (Van Camp et al., 2005) and could be effectively enhanced through a stacking
process. As with tides, it is the repeated nature of the phenomenon that allows its precise identification
(Figure 11). As measuring evapotranspiration by other methods is chal-
lenging, its direct measurement at the 50 ha scale using a gravimeter

24
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A Gaussian calculated mass

appears as a promising method. Because evapotranspiration returns
more than 50% of the precipitation back to the atmosphere, it plays a
major role in terrestrial ecosystem functioning and the recharge of
aquifers. Gravity measurements provide an independent way to
validate new methods developed to estimate evapotranspiration

i
{ Humzm
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(Figure 12).

Aquifers are underground zones where water saturates the pores and
fractures of the material; they are of vital importance in many regions.
The amount of water available in the saturated zone is usually deter-
mined using a piezometer, which measures the water pressure, which

Feb 04 May 04 Aug 04 Nov 04 Feb 05 May 05 Aug 05

Figure 12. Mass of weir-measured infiltrated water (solid line) compared with
the mass estimated from the integration of gravity measurements performed
at the infiltration pond at the mouth of Weber Canyon, northern Utah.
Measurements performed using a CG-3M Scintrex quartz spring gravimeter. The
maximum gravity changes were 1,110 nm/s” in 2004 and 1,300 nm/s? in 2005.
From Chapman et al. (2008).

can be converted to an equivalent height of a column of water.
When the upper surface, known as the water table, is open to the atmo-
sphere through the permeable material, the aquifer is said to be uncon-
fined. The pressure of water is in equilibrium with the atmosphere, and
the water level in the borehole corresponds directly to the water level
in the aquifer. When the aquifer is surrounded by impermeable layers,
it is said to be confined, and the water is stored in the expansion of the
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aquifer matrix, that is, its solid structure, and the compressibility of water. Pressure is higher than what would
be associated with the water weight only and may reflect the effects from recharge at a higher elevation or
from the weight of the overlying rock and soil, and the well level balances this total pressure. As the compres-
sibility of both the aquifer matrix and the water is weak, large piezometric variations are only accompanied by
small gravity changes in confined aquifers. The piezometers, often installed in boreholes, do not establish
whether an aquifer is confined, or not. Hence, piezometric head and gravity measurements can be used to
identify unconfined aquifers, as head changes correlate with gravity changes only in unconfined aquifers
(Pool, 2008). In unconfined aquifers, combining gravity and piezometer levels, or known volumes of injected
water, provides direct information on the porosity of the aquifer (Chapman et al., 2008; Davis et al., 2008; Pool
& Eychaner, 1995).

In the unsaturated or vadose zone, it is usually not possible to efficiently pump groundwater. In the soil,
capillary forces hold the moisture too tightly. To estimate the soil moisture, gravimeters can act as a weighing
lysimeter, a device that estimates the amount of water percolating through the soil. The advantage of a gravi-
meter is that it can noninvasively sample 10° m* of undisturbed ground volume, versus typically 1 m? of soil
volume for a lysimeter, which is an invasive technique, not applicable to water percolating through porous
hard rocks (Wang & Dickinson, 2012). Comparing soil moisture measurements using gravimeters and lysi-
meters was performed by Creutzfeldt et al. (2010).

Continuous terrestrial gravity measurements provide valuable information for assessing the water mass bal-
ance in the saturated and unsaturated zone at the mesoscale, which cannot be observed by satellite techni-
ques due to their coarse resolution (Peng et al., 2017; Van Camp et al., 2014a, 2014b).

It remains challenging to discriminate between the gravitational effect of water storage change in the unsa-
turated zone and the aquifer. In a karst area, where the vadose zone is usually thicker than in other contexts,
combining gravity measurements at the surface and inside accessible caves is a way to separate the contri-
bution from the unsaturated zone lying between the two instruments, from the saturated zone underneath
the cave, and the common mode effects from the atmosphere or other regional processes. Continuous mea-
surements provide information on the ground water mass changes as a function of the degree of saturation
at different timescales, from flash floods events to seasonal and interannual scales. The functioning law of the
aquifer can then be inferred by combining continuous gravity and geophysical and hydrological measure-
ments. A karst system is a complicated, nonlinear system, but an extraordinary characteristic in some cases
is the ability to observe the saturated zone directly (“underground streams”). The advantage of gravity
measurements is that they provide information on the masses of water, integrating vertically and horizontally
the karst subsystems several hundreds of meters around the instrument. This is not the case with classical
hydrological monitoring systems, which are soundings affected by their own near environment and the
karst heterogeneity.

3.1.2. Separating Hydrogeological Effects From Other Geophysical Processes

Even if there is no interest in performing hydrogeological investigations using a gravimeter, the gravity signal
is such that separating the contribution of surface hydrology from other geophysical processes in gravity
measurements is a major challenge. This is especially true for volcanoes, most of which are located along
or surrounded by oceans, hence experiencing strong rainfalls, where water, either meteoric or marine, mixes
with hot magmatic fluids and convects within porous rock and sediments.The separation can be done by
three methods, as discussed hereafter: (1) the hydrological signal is known with a precision sufficient to allow
subtraction of the hydrology signature from the gravity data, (2) one disposes of sensors with a response to
hydrological load and tectonic effect different from that of the gravimeter, or (3) the space-time behavior of
the two signals differs to such an extent that it is possible to use data processing technique to separate them.
The third method is not practical because of the sparsity in time and space of microgravimetric surveys (Van
Camp, de Viron, & Avouac, 2016).

Method 1 requires precise independent information about hydrology. Estimating subsurface water storage
changes is notoriously complex, and it is even more at the very local scale, where the gravity transfer function
is the most sensitive (Creutzfeldt, Glintner, Thoss, et al., 2010; Creutzfeldt, Glintner, Wziontek, et al., 2010;
Meurers et al., 2007; Mikolaj et al., 2015; Van Camp et al., 2006). This is difficult because very local parameters
such as soil characteristics, lithology, bulk rock porosity, or hydraulic conductivity influence water storage
and, consequently, local gravity variations. Thus, knowledge of such parameters is crucial for extracting the
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local hydrological signal from other sources of gravity perturbations. Geological investigations are useful and,
often, even necessary to identify possible reservoirs or structures that may facilitate water transfers through-
out the ground. Additional measurements from other types of sensors such as soil moisture sensors, piezo-
meters, time lapse electrical resistivity surveys, dye tracing, and seismic ambient noise monitoring may
strongly help in validating geological assumptions (Singhal, 2010) and monitoring local hydrogeological pro-
cesses. However, this cannot be performed at each gravity station. In addition, correction of the hydrological
signature by applying global hydrological models such as the Global Land Data Assimilation System (GLDAS)
(Rodell et al., 2004), or European Re-Analysis (ERA) (Uppala et al., 2005), or space-based observations from
GRACE (Wouters et al., 2014) is questionable, given their limited time and space resolution.

Method 2 requires additional data of a different kind. For example, combining repeated leveling, GNSS or
InSAR (Interferometric Synthetic Aperture Radar) and gravity measurements, one can separate the gravity sig-
nal caused by the vertical land movement from other effects. Simultaneous gravity measurements at depth
and the surface (Jacob et al., 2009), or at different locations on the surface (Kennedy et al,, 2014), have also
been proved useful to separate the signal of interest.

Method 3 is powerful when measuring long-term gravity changes. Based on the spectral content of modeled
hydrogeological effects and of superconducting gravimeter time series, (Van Camp et al., 2010) investigated
the hydrological effects on gravity measurements extending several years. They showed that the time
required to measure a gravity rate of change of 1 nm/s%/yr at the 1o level was of the order of 10 years but
highly dependent on the location, assuming continuous, hourly sampled gravity time series at the existing
SG stations. In the case of repeated absolute gravity measurements, the continuity of measurements is bro-
ken, and the setup noise must be taken into account. Presently, the easiest and practical way to mitigate
hydrological effects in long-term gravity measurements is to perform measurements for years, at the same
epoch of the year—the impact of seasonal variations is then minimized, and for a sufficiently long time per-
iod, interannual variations average out. This procedure is only approximate due to long-term variability of the
hydrological signal and to the possible long-term drift of groundwater storage. Van Camp, de Viron, & Avouac
(2016) showed that for 10 yearly campaigns, performed with an absolute gravimeter at the same epoch of the
year, an average uncertainty ranging 3-4 nm/sz/yr can be achieved in most of the places of the Earth (this
study did not include Antarctica nor Greenland). But, for shorter periods, it remains challenging to correct
for them and, when a correcting model is available, it may not only be insufficient, it can also add artifacts.
The addition of continuous measurements from a relative gravimeter mitigates the error in the estimation
of gravity rates of change caused by the presence of long-period, interannual, and annual signals in the
AG data (Van Camp et al., 2013), but this remains unpractical. Mitigation could be powerful by repeating mea-
surements around a site (Naujoks et al., 2008) or installing a regional network of continuously measuring
instruments, as it would allow separating common mode signals from very local ones; however, this is pre-
sently not logistically or financially sustainable.

3.1.3. Volcanoes and Hydrothermal Systems

Magmatic systems are complex structures, where many physical and chemical phenomena occur, and erup-
tions result from both slow and fast processes occurring at depths ranging from the Moho to the surface.
Most magmas stall and cool, de-gas, crystallize, and evolve to lower density and chemically evolved melts
within the crust (Sparks & Cashman, 2017; Wright et al.,, 2012).

Geophysical phenomena associated with and prior to volcanic eruptions include magma generation by par-
tial melting of the upper mantle and crust, vertical and horizontal motion, melting, crystallization, and
magma fluid exsolution, but the relative importance of the various phenomena vary to a large extent. Part
of the eruptions is triggered by melt replenishment in a shallow reservoir, while for others, primitive lavas
show no evidence of storage. Eruptions are fed by either a single or multiple magma bodies tapping the
plumbing system (Dzurisin, 2003). Understanding how magma and associated fluids decouple to each other,
move through the crust, and accumulate in shallow chambers before erupting remains challenging
(Cashman et al., 2017; Christopher et al., 2015; Sparks & Cashman, 2017). The variety of possible eruption
types is just huge, and the same is true for their possible geophysical signatures.

Precursor events, such as ground deformation, changes in seismic velocities, seismic activity, magnetic field,
electrical resistivity, ground water levels, heat flow, and change in gas composition and gravity, are asso-
ciated with the magma approaching the surface. By monitoring gravity changes, it is possible to detect
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Figure 13. During periods of inflation, increasing elevation (Ah) is accompanied
by decreasing gravity (negative Ag), and conversely. Region 1 represents
gravity increases larger than the FAG during subsidence or decreases smaller
than the BCFAG during uplift, caused by mass or density increases. Conversely,
region 3 represents gravity decreases larger than the FAG during uplift or
increases smaller than the BCFAG during subsidence, caused by mass or density
decreases. Modified from Figure 2 of Williams-Jones and Rymer (2002).

shallow and deep processes before eruption precursors such as gas
fluxes, earthquakes, surface deformation, or the creation of voids lead-
ing to caldera collapse (Battaglia, 1999; Battaglia et al., 2003; Branca
et al., 2003; Carbone, 2003; Carbone et al.,, 2017; Rymer, 1994; Rymer
& Brown, 1989).

Combining gravity and deformation measurements permits discrimina-
tion between gas, water, and magma intrusion (Bagnardi et al., 2014;
Bonvalot et al., 1998; Carbone & Greco, 2007; Hautmann et al., 2014),
assessing voids opening (Carbone, 2003; Furuya et al., 2003), magma
density changes associated with degassing (Bagnardi et al, 2014;
Poland & Carbone, 2016) or overturn of resident magma in a reservoir
(Rymer et al.,, 1998). Terrestrial gravity measurements can also support
the investigation of dike growth and migration, which can be induced
by vertical intrusion (Gudmundsson, 1995, 1998; Wright et al., 2012)
or lateral outflow of magma (Einarsson & Brandsdottir, 1978;
Gudmundsson et al., 2016; Sigmundsson et al., 2014) (Figure 10).

Hence, gravity measurements can contribute to building the new con-
ceptual models that are currently addressing questions related to
magma evolution and the behavior of volcanic systems.

When a volcanic phenomenon occurs, it is associated with a change in
the mass distribution, which affects the vertical gravity gradient.
Investigating change in that gradient allows a better physical under-
standing and discrimination between the types of events (Rymer,
1994; Rymer & Williams-Jones, 2000; Williams-Jones & Rymer, 2002):
Figure 13 represents the gravity variation as a function of deformation,

assuming coincident mass and pressure changes. A separation of the phenomena between three distinct
classes can be observed in the figure, separated by the linear relation between gravity change and deforma-
tion associated with the free air gradient (FAG) and the Bouguer-corrected free air gradient (BCFAG). The FAG
represents the gravity changes that would be observed when moving a gravimeter up and down, without
mass displacements. On a flat surface, the theoretical FAG value is —3,086 nm/s?/m but can vary by about
10% depending on the local terrain and Bouguer anomaly (Rymer, 1994). The BCFAG represents the amount
by which gravity varies with elevation, taking into account the mass accompanying the deformation. For a
spherical point source (Figure 14), the BCFAG ranges from —2,530 to —2,330 nm/s%/m for magma densities

Original
ground
surface

Elastic Medium

Mogi Source

TAA

Figure 14. Magma reservoir modeled as a spherical body (Mogi source) in an
elastic half-space, associated deformation (gray shaded line) and gravity effect
(red line). The inflation or deflation source is due to injection or withdrawal

of new magma in the spherical chamber. Modified from Figure 1 of Rymer and
Williams-Jones (2000).

of 2,000 to 2,700 kg/m>, respectively. Gravity change following the
BCFAG means that ground deformation is not accompanied by subsur-
face density change.

In region 1, at the right of the figure, for gradient and deformation
included between the horizontal zero gradient and the BCFAG, an
anomalous small gravity decrease (smaller than expected from the
BCFAG) is accompanied by inflation as one would expect from magma
intrusion, which increases the density of the magma chamber, hence
reducing the decrease in gravity, which would be expected from the
uplift. Conversely, for region 3, at the left of the figure, experiencing
subsidence, the weak gravity increase, or even the decrease in gravity,
can be caused by magma drainage, the creation of voids (Furuya et al.,
2003), or magma vesiculation, which refers to the formation of bubbles.

During inflation, the lower part of region 2 indicates mass and volume
increase, resulting in a density decrease. This can be interpreted as the
buildup of gas or water within the magma chamber. This buildup of gas
pressure within magma is a precursor to eruptive activity and is impor-
tant to detect for hazard mitigation (Vigouroux et al.,, 2008). Conversely,
during deflation, in the higher part of region 2, mass decreases while
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density increases. Such an observation is reported by Battaglia et al. (2006), who assumed that the subsidence
was caused by migration of water out of aquifers in a caldera.

Considering gradient and uplift in the area delimited by the FAG line and the vertical axis, region 3 at the bot-
tom right of the figure corresponds to shallow processes such as groundwater changes or fluctuation of magma
and gas in the feeder conduit. The anomalously large gravity decrease (larger than expected from the BCFAG)
has different possible causes, such as magma drainage, the creation of voids, vesiculation, or fall in the water
table. In region 1 at the top left of the figure, subsidence is accompanied by an anomalously large increase
in gravity, induced by devesiculation associated with gas losses, magma intrusion, or rise of the water table.

By combining gravity and deformation measurements, several studies deciphered the nature of volcano pro-
cesses acting below the surface. For example, Furuya et al. (2003) could identify the formation of an empty
space underneath the Miyakejima volcano (Japan). Although the ground was subsiding, the void induced
a decrease in the gravity of 1,450 nm/s?, reflecting the formation of a large void beneath the volcano 2 days
prior to a caldera collapse in July 2000. It is hypothesized that a voluminous lateral flow of magma broke the
lithostatic balance between the magma chamber and surface crust, thereby forming a void. Another strong
gravity decrease was observed on the Sierra Negra volcano, Galapagos, Ecuador: Vigouroux et al. (2008)
reported on a gravity drop by 9,500 nm/s? associated with a diminution of the density in the magmatic sys-
tem. Combining the gravity data with geochemical measurements, the authors interpreted the density
decrease as a magma vesiculation, providing a driving force for explosive eruptions. They could infer the sill
thickness and bubble content (10-50 volume percentage). The Sierra Negra gravity change is the largest ever
monitored gravity variation on an active volcano.

A 4,000 nm/s? decrease was also reported at Mount Etna (ltaly) in October 2002, which lasted for less than 6 h
and was supposed to be caused by the opening of a dry fracture 1 km away from the gravity station (Branca
etal,, 2003; Carbone et al., 2007) (Figure 15). Using gravity measurements, the authors could demonstrate that
magma from the central conduit entered the fracture system passively, that is, using this existing structure as a
path for the eruptive vents. The filling of the newly formed voids roughly compensated the decrease observed
in Figure 15a. The gravity decrease allowed the authors to deduce that the magma overpressure did not cause
the fracture opening, possibly caused by external forces. Still at Mount Etna, during the 2002-2003 eruption,
Carbone et al. (2006) interpreted joint tremor/gravity anomalies as caused by the accumulation of a foam layer
in the conduit.

On the Campi Flegrei caldera, west of Naples, Italy, inverting gravity, leveling, and trilateration, Battaglia et al.
(2006) could show that a fluid, of which the density is close to water, was the main source of the 1980-1984
inflation. At Nisyros Caldera, Greece, 350 nm/s? peak-to-peak gravity variations were observed over periods of
40 to 50 min (Gottsmann et al.,, 2005). By cross-coupling gravity measurements with ground deformation and
seismic and electromagnetic data, it was assumed that the gravity changes were caused by the degassing of
the magmatic source, inducing thermohydromechanical disturbances within the hydrothermal system.
Gottsmann et al. (2011) applied a similar multiparameter experience at the Soufriere Hills Volcano,
Montserrat (Lesser Antilles, UK). Different fingerprints could be revealed a few minutes before two different
vulcanian explosions in July and December 2008. The authors inferred important constraints for investiga-
tions of the effusive to explosive transition; gravity measurements were valuable to investigate the response
of a shallow aquifer and fluid-saturated fault damage zones to stress changes during pressurization and
depressurization of the plumbing system (Hautmann et al., 2014).

Table 2 summarizes the different applications of the monitoring of time-varying gravity on volcanoes.

On volcanoes, discrete, time lapse gravity measurements are performed at most once a day or a week, often
once a year or lesser, due to logistical problems such as costs, snow, staff and instrument availability, and the
necessity to reduce staff exposure in a hazardous area (Carbone & Greco, 2007). Continuous measurements
reduce these logistical issues, allow investigating high-frequency or transient phenomena, improve dramati-
cally the signal-to-noise ratio, and avoid aliasing (Van Camp et al., 2013). Continuous monitoring is important
to monitor magma accumulation and withdrawal, revealing new physical properties of magmatic plumbing
systems as the dynamics of intrusive sources (Battaglia et al., 2008; Poland & Carbone, 2016). This is especially
true on persistently active volcanoes where significant variations on the daily and hour scales have been
reported and are important for eruption forecasting (Branca et al., 2003; Gottsmann et al., 2007).
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Figure 15. (b) Gravity sequence acquired at the summit northern slope of Mount Etna volcano, at an elevation of 2,820 m above sea level, during the 17 October to
31 December 2002 period and zooms over (a) the 48 h signal encompassing the start of the 2002-2003 eruption (black arrow in Figure 15b), and (c) the three 60 h
signals encompassing the gravity decreases contemporaneous to volcanic tremor increases; (d) the signal from ERCB seismic station is shown. A low-pass filter
(cut-off frequency of 24 cycles per day) is applied to the signal in Figure 15a (continuous black line) to better evidence the main change of the gravity field relative to
the strong background noise (unfiltered series appears as dots). The vertical blue line in Figure 15a marks the start of the seismic swarm before the eruption. The
time series are corrected for tides and instrumental drift. Modified from Figure 2 of Carbone et al. (2007).

Moreover, volcanoes store a large amount of water in their porous layers, cracks, lakes, and cavities. Changes
in groundwater masses not only mask other mass transfers that can be monitored by gravimeters but also
pose hazards: “wet” volcanoes can induce magmatic and steam-driven (hydrothermal or phreatic) eruptions.
Steam-driven eruptions are particularly hard to predict and may expel steam, water, and fragments of preex-
isting rocks. Continuous or repeated gravity measurements are appropriate to monitor groundwater changes
and to build and assess hydrogeological models (Kazama & Okubo, 2009; Kazama et al., 2012; Mouyen et al.,
2016). Ideally, and realistically, combining time lapse spatial surveys and continuous measurements at refer-
ence stations is probably an optimal option (Carbone & Greco, 2007; Williams-Jones et al., 2008). Given their
great sensitivity, superconducting gravimeters can provide useful information on volcanic phenomena suffi-
ciently early, even several kilometers away from the magmatic source, which is a logistical asset (Figure 10).
The sensitivity of high-precision gravimeters to mass changes may, therefore, shed light on the causes of
volcanic unrest and can become critical for assessing volcano hazard and issuing a warning.

A network of continuously measuring gravimeters may nicely complement other geophysical and
geochemical methods for a better understanding of the rifting cycle, the crust and mantle properties, and
the dynamic transport of magma, gas, and water. In particular, long-term gravity monitoring, for decades
as done in Membach (Figure 20) and other reference stations (Crossley & Hinderer, 2009; Van Camp et al,,
2011), could provide valuable insights on the slow volcanic phenomena. Note that gravity measurements
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Table 2
Application of Measurement of Time-Varying Gravity in Volcanology
Context Phenomena
Magma movements on different timescales Intrusion of magma leading to eruption
(not necessarily accompanied by Rising of a gas slug
observable deformation) Fracture opening, intrusion of dike

Magma overturn or convection
Magma drainage out of a reservoir, magma migration from
central conduit to fractures
Magma storage
Accumulation of magma at depth, increasing pressurization in
the volcanic conduit and potential for explosive eruption
Gas exsolution
Vesiculation (density decrease) and crystallization (density
increase)
Volcano-groundwater interactions Discriminating between the intrusion of magma and
water/gas
Groundwater dynamics within a volcanic edifice
(potential for slope failure, lahar generation, and
steam-driven eruptions)
Monitoring mass changes without significant
vertical deformation
No magma nor hydrothermal fluid movements Gravitational attraction due to an extruding lava dome
(Jousset et al., 2000)
Microfracturing rate (Carbone, 2003; Carbone et al., 2009;
Greco et al., 2010)
Continuous gravity monitoring enables Avoiding aliasing from intermittent 4-D gravity campaigns
Recovering functioning laws and, therefore, discriminating
clearly between models for sources of volcano unrest
Investigating short period (minutes to hours)
gravity changes (e.g., bubble formation and
collapse in Strombolian activity)
Development of an accurate surface hydrological
model to achieve 1 nm/s” (or 0.1 microGal) precision
Precise modeling of Earth and ocean tides and
atmospheric signals
Changes in the mechanical response of the edifice
to the tidal forces
Providing a precise reference point to anchor
microgravity surveys
Integration and correlation with other techniques Combining with GNSS or INSAR—most powerful
combination to separate and interpret change in gravity
with expansion, deflation, or stability of volcanoes’ surface
Correlation with seismic activity and very long and
ultralong period seismic signals

should systematically be accompanied by measurements of ground deformation, to correct for free-air
gravity effects.

3.1.4. Geothermal and Other Reservoirs

As in hydrogeological systems, gravity offers a method for mapping the redistribution of subsurface masses
and assessing geothermal, CO,, oil, and magma reservoir driving mechanisms (Sugihara & Ishido, 2008).

Time lapse microgravimetry has been successfully applied to monitor natural variations of geothermal fluids
in Japan (Nishijima et al., 2016), Yellowstone (Arnet et al.,, 1997), and Taiwan (Mouyen et al., 2016). Monitoring
geothermal reservoirs is important for improving industrial processes, as it allows monitoring the quantity of
net mass withdrawal but also, as for volcanoes, to map the redistribution of the subsurface mass (Nordquist
et al., 2004). Measuring gravity variations is important to constrain the mass balance within reservoirs and its
lifetime, which is difficult to estimate (Ishido et al., 1995; Sugihara & Ishido, 2008). This is also required to miti-
gate the associated earthquake hazard, which depends on the amount and location of displaced fluid
(Deichmann & Giardini, 2009; Holland, 2013; McClure, 2015; Mukuhira et al., 2016).
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Figure 16. Absolute gravity measurements at the Jilich station, Germany
(50.91°N, 6.91°E) (Van Camp et al., 2011). A gravity rate of change of
39+25 nm/sz/yr and a seasonal effect of 30 nm/s” are observed.

3.1.5. Subsidence

Gravity was shown to be useful to monitor fluids in oil fields: Brady et al.
(2010) performed repeated absolute gravity measurements to moni-
tor the gas-cap water injection under harsh arctic conditions in the
Prudhoe Bay oil field. Repeated microgravity surveys are operationally
used in the industry; their first use in the context of the geothermal
industry was undertaken in New Zealand in 1961. Since then, this
has proved to be a powerful tool for monitoring extraction (Hunt,
1995) and reinjection (Hunt & Bowyer, 2007) in a reservoir
during exploitation.

Injecting CO, into a reservoir decreases the density; hence, gravity
may be used to monitor CO, storage (Gasperikova & Hoversten,
2008). Monitoring CO, sequestration relies on the density contrast
between CO, and the aquifer fluids. This excludes the applicability
of gravity surveys from reservoirs where no significant mass change
occurs as CO, is absorbed, such as depleted coal beds, displacing
the naturally present methane gas (Harpalani & Mitra, 2010; Nooner
et al., 2007).

Subsidence is a downward vertical movement of the Earth'’s surface, which theoretically causes an increase in
the gravity of —2 nm/s*/mm (Bouguer-corrected free-air gradient BCFAG). It can be caused by tectonic activ-
ity, sedimentary, water or ice loading, sediment compaction or consolidation, and from places where the fluid
is expelled from sediments. Anthropogenic subsidence results in downward motion that can amount several
tens of cm/yr, for example, caused by the collapse of underground mine or water, oil and natural gas extrac-
tion (Doornhof et al., 2006), or drainage projects, which can induce organic sediment decomposition and
compaction. Pressurized fluid induces pore fluid pressure; when fluid is extracted, the pore pressure
diminishes, increasing the vertical effective stress acting on the solid matrix. This causes matrix compaction
and hence, subsidence, which depends on the compressibility of the rock, faults, local lithology, and the
boundary conditions. Subsidence is a complicated, partly irreversible process and is characterized by a great
space and temporal variation. Discriminating shallow subsidence from deeper processes is challenging and
requires learning about the sources of the subsidence (Jones et al,, 2016). For example, it is important to know
if subsidence is caused by recent sediment compaction or by lithospheric loading from sea level change, a
deposit of sediments, and glacial isostatic adjustment. In addition to its scientific interest, the question is
important as it determines the way buildings must be footed. Subsidence may damage roads, bridges, and
wells; cause cracking or tilting of buildings or cause serious concerns in low-lying zones such as Shanghai
(Dong et al,, 2014), Hanoi (Dang et al., 2014), New Orleans (Dixon et al., 2006; Jones et al., 2016), or Venice
(Teatini et al., 2011, 2012); and disturbs oil and natural gas extraction fields. Overall damage from subsidence
is estimated at the level of several billions of dollars per year (Gambolati & Teatini, 2015).

Better understanding of subsidence processes and geomechanics (elastoplasticity, viscoelastoplasticity, pore
volume change, pore pressure change, closing fractures, cavity collapse, and volume units that compact,
stretch, and change shape) is paramount for mitigation procedures (Gambolati & Teatini, 2015; Showstack,
2014). Since 2000, we have monitored gravity in Jillich, a zone experiencing man-induced subsidence caused
by brown coal mining activity in the Lower Rhine Embayment, Germany (Van Camp et al., 2011). A gravity rate
of change of 39 £ 2.5 nm/sz/yr is observed (Figure 16); using the Bouguer ratio — 2 nm/s*/mm implies a grav-
ity rate of change of 27.2 nm/s*/yr, which differs by 12 nm/s*/yr from the observed trend. The difference
could be caused by the compaction causing the subsidence (Bear & Corapcioglu, 1981). By combining gravity
and deformation measurements, one could infer valuable information on the compaction processes and fluid
migration associated with subsidence. As far as we know, this has never been done.

3.2. Periodic, Pseudoperiodic, and Long-Term Phenomena

3.2.1. Tides

As understood by Newton in 1687, tides result from the action of the Moon, the Sun, and, to a much lesser
extent, Venus and Jupiter on the Earth (Hartmann & Wenzel, 1995; Roosbeek, 1996; Wenzel, 1997b). The celes-
tial body gravitational attraction generates global scale vertical ground displacement at semidiurnal and
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Figure 17. Observed gravimetric factor in the diurnal frequency band at the
Membach station, using a time series from June 1998 to July 2016. The smooth
curve represents the theoretical response of the nearly diurnal free wobble
resonance based on the nonhydrostatic body tide model of (Dehant et al., 1999.
White dots represent the gravimetric factor without correcting for ocean loading
effect, the green dots after applying the Hamtide model (Taguchi et al., 2014).
For details on the data processing see Meurers et al. (2016).

diurnal timescales that can reach 50 cm and gravity signal, 3,300 nm/s>.
Apart from strong transients from magmatic or hydrothermal systems,
this is the largest time-variable contribution to gravity. Their magnitude
and phase are also affected, to a small extent, by the local and global
rheological properties of the Earth. As Earth tide phenomenon can be
described with only a few parameters, their knowledge does not pro-
vide much information on the rheology of the Earth (Agnew, 2015).
Differences in the symmetric structure of the Earth’s mantle, as
expected from seismology, cause changes in the response of the
Earth to tidal forcing, known as the tidal parameters (Métivier &
Conrad, 2008; Ziirn, 1997), but discriminating between solid Earth mod-
els or determining regional effects remains beyond observation possi-
bilities. A resonance in the nearly diurnal frequency band, linked to the
free core nutation of the Earth, amplifies the y/ solar tidal wave, which
increases the gravimetric factor by 10% at a period of 23.87 h (Figure 17).
The net effect is small, given that the amplitude of the wave is only
4 nm/s? at midlatitude, 2 orders of magnitude smaller than the largest,
lunar diurnal O; and semidiurnal M, waves that amount about
400 nm/s°. Retrieving the resonance frequency based on tidal para-

meters, therefore, remains challenging (Rosat et al., 2017).

Note that 200 to 300 Myr ago, when the Earth was rotating faster by a few hours per day, the resonance was
excited by another, stronger tidal wave. This may have led to strong geological effects as a change in geo-
magnetic field and destabilization of the D" region at the core mantle boundary, causing widespread volcan-
ism as Siberian traps and mass extinction (Greff-Lefftz & Legros, 1999).

Historically, tides were measured using tiltmeters (Agnew, 1986). In the 1930s, the achievement of fairly
stable spring relative gravimeters made it possible to continuously monitor gravity. Hence, tidal effects were
the first time-variable gravity changes to be investigated. Terrestrial measurements of tides with state-of-the-
art technology such as superconducting gravimeters allow a precision of 0.1 nm/s?, outperforming by far
space techniques (Zlrn, 1997).

The gravimetric factor and phase lag tidal parameters derived from superconducting gravimeter data could
be useful to validate or discriminate between different body tide models (Baker & Bos, 2003; Bos & Baker,
2005; Ducarme et al., 2014). However, the quality of ocean models required for correcting the ocean load
effects still limits the validation process. It also requires knowing the transfer function of the gravimeter with
sufficient accuracy to separate instrumental artifacts (per mille level in amplitude and 0.01 s in phase) from
the actual geophysical signal (Baker & Bos, 2003).

Another field of research studies the time variation of the tidal parameters. The superconducting gravimeters
allow investigating the variations of the tidal gravimetric factors at the 0.2%o level corresponding to an ampli-
tude change smaller than 0.1 nm/s? in the case of M,. The causes of these amplitude changes are mainly a
modulation due to the insufficient frequency resolution of the limited time series, making it impossible to
separate all constituents of the discrete tidal spectrum. A tidal potential is expanded into scalar spherical har-
monics of different orders and degrees. As the response of the Earth to ocean loading is degree-dependent,
this leads to a modulation effect when common tidal parameters are adjusted for all constituents within a
tidal wave group. Other causes of the modulation are possible temporal variation in the ocean loading
caused by meteorological forcing or changes in the calibration of the gravimeters (Meurers et al., 2016).
For Earth body tide model validation, time series covering a multiple of 1 year periods are required to miti-
gate the M, modulation problem. Intervals equal to or longer than 8 years reduce the modulation effect to
0.1%o. The M, gravimetric factor modulation can also be used for detecting and quantifying tiny calibration
factor changes below the 1%o level (Meurers, 2017).

Pole tides are due to the pole motion that is the displacements of the Earth’s rotation axis relative to a frame
fixed to the Earth. As the centrifugal acceleration depends on the angular distance of a location from the
instantaneous rotation axis, the centrifugal acceleration and, hence, gravity will change (Agnew, 2015).
The pole motion is dominated by an annual wobble and the Chandler wobble at roughly a 433 day
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period (Gross, 2007). As their periods are close together, their addition generates a 6-7 year beat period. The
annual wobble is a forced motion only, mainly by the atmosphere, while the Chandler wobble is a resonant
oscillation forced by the atmosphere and the oceans (Bizouard et al., 2011; Plag, 1997). The Chandler wobble
can be considered as a continuously or, at least, frequently excited, damped harmonic oscillation.

The theoretical pole tide amplitude maximally reaches up to +50 nm/s® at midlatitudes and can be
predicted by using the International Earth Rotation Service (IERS) daily pole coordinates. As for the tides,
the Earth reacts to the force field by deformation (Wahr, 1985), which can be described by a gravimetric
factor applied to the theoretical effect of a rigid Earth. The observed gravimetric factor is influenced by
the gravity effect of the ocean pole tide, which is the response of the ocean to the time-variable centrifugal
effect (Plag, 1997), taking loading and self-gravitation into account (Chen et al., 2009). Determination of this
factor is challenging, as other loading processes, for example, by the atmosphere or hydrology, contribute as
well in this period range. SGs provide sufficiently long and appropriate gravity time series due to their
temporal stability and low instrumental drift allowing for a retrieval of the gravimetric factor (Loyer et al,,
1999). Stacking methods making use of a set of SG time series (Xu et al., 2004; Ziegler et al., 2016) and
wavelet filtering (Hu et al., 2007) have been used for that purpose. The gravimetric factor needs to be known
at the 2% level for making gravity observations at different epochs comparable at an accuracy level
of 1 nm/s>.

Nowadays, Earth tides are not a hot research topic anymore. This might change if further progress is made in
improving the accuracy of ocean load models and instrumentation. Nevertheless, correcting for tidal effects
is paramount to investigate elusive gravity changes and can only be done thanks to the great theoretical
and instrumental developments achieved during the second part of the twentieth century (see the mono-
graph Tidal Phenomena of Wilhelm et al., 1997, which provides a comprehensive overview of the subject).
3.2.2. Earth Free Oscillations

The Earth, as a massive body, is characterized by vibration eigenfrequencies that are excited by earthquakes.
The frequencies of the Earth’s modes depend on its shape and its profiles of density, shear, and compressi-
bility. The associated standing waves, known as seismic free oscillations or seismic normal modes, induce
repeated variations of gravity and were for the first time clearly identified after the great 1960 Chilean earth-
quake (M,, 9.5). They can be observed after major earthquakes (M > 7.5); the gravest, spheroidal ¢S, mode
has a period of 53.9 min. Their study is fundamental to seismology as, from their spectra in the frequency
band from 0.3 to 20 mHz, information on the structure of the Earth can be retrieved (Laske & Widmer-
Schnidrig, 2015; Park et al., 2005; Woodhouse & Deuss, 2015). The study of free oscillations, or terrestrial
spectroscopy, is not much limited by the uneven distribution of seismometers and earthquakes. Modes
are largely unaffected by local structure, so that they sample long-wavelength phenomena, not accessible
to body waves, hence allowing retrieving the mean rheological parameters. For example, the modes indi-
cate a weak stratification of the outer core (Masters, 1979) and provide the best evidence that the inner core
is solid (Dziewonski, 1971), and of its—still discussed—anisotropy (Makinen & Deuss, 2013; Romanowicz &
Bréger, 2000; Romanowicz et al., 2016; Souriau & Calvet, 2015). Modes are one of the bases of the spherically
symmetric nonrotating Preliminary Reference Earth Model (PREM) model (Dziewonski & Anderson, 1981),
are used to retrieve focal mechanism and to compute magnitude of large earthquakes (Okal, 1996; Stein
& Okal, 2005), and provide a method to compute seismograms by summing them (Aki & Richards, 2002;
Woodhouse & Deuss, 2015).

In the 1960s, there was no instrument sensitive and stable enough to allow a comprehensive investigation of
the free oscillation’s spectrum. In the late 1970s, it was proposed to use gravimeters through the International
Deployment of Accelerometers (IDA, after Cecil and Ida Green, benefactors of the Earth sciences) network,
based on about 20 LaCoste spring gravimeters (Agnew et al., 1976, 1986). The gravimeters, relatively small
and low noise, were a way to provide well-calibrated, low-drift (compared to seismometers) measurements
at a reasonable cost. Note that in the free oscillation frequency band, gravimeters mainly monitor inertial
acceleration associated with the ground movement; this differs from the usual application of gravimeters
at longer periods, where the Newtonian effects dominate. IDA provided precise frequency and attenuation
measurements and valuable information on seismic source studies. However, gravimeters are not appropri-
ate to monitor toroidal oscillations, associated with rotational horizontal displacement; those are measured
using long-period seismometers, as the STS-1 deployed in the Global Seismic Network (GSN)(Bent, 2013),
STS-2, or strainmeters and tiltmeters (Ziirn et al., 2000).
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Figure 18. Filtered time series from the SG C021 at the Membach station,
Belgium (50.61°N, 6.01°E), after the March 2011, M = 9.1 Tohoku megathrust
earthquake. The data are corrected for tidal and atmospheric pressure effects.
Band-pass filtered time series to isolate the ¢Sq (red, period ~54 min), ¢S, (blue,
period ~20 min), and oS3 (green, period ~35 min) normal modes. The modula-
tion of ¢S, and Sz is due to the beating between the five and seven different
multiplets of 3S, and ¢S3, respectively. This “Zeeman” splitting is due to the
Earth’s small departure from spherical symmetry, that is, the Earth’s diurnal
rotation, ellipticity, and 3-D structure. The attenuation quality factor of the long-
period fundamental modes is high, such that the oscillations of, for example,
050, 052, Or oS3 can still be observed in the time series 2 weeks after the event.

After 2 weeks, oSo dominates the series for more than 2 months.

Early in the 2000s, the new generation of superconducting gravimeters
achieved lower noise levels than the other sensors for frequencies
lower than 0.8 mHz (Rosat, 2005; Rosat & Hinderer, 2011; Van Camp,
1999; Widmer-Schnidrig, 2003; Ziirn et al., 2000). Hence, using super-
conducting gravimeters, Rosat (2003) reported on the first observation
of the overtone ,$;, a translation of the core in the mantle that, as the
other modes at frequencies lower than 0.8 mHz, provides valuable
information on the 3-D density structure in the Earth’s mantle and core.
The stability of SGs makes them also valuable to investigate the lateral
density structure and the attenuation factor of the modes (Figure 18).

Some free oscillations, termed as Earth’s hum, have frequencies such
that they are excited permanently; they were first discovered by
Nawa et al. (1998) using a superconducting gravimeter in Antarctica.
The excitation of the hum is still a hot topic of study, but the probable
mechanisms are pressure on the Earth’s surface by the atmosphere and
infragravity waves in the shallow and deep ocean (Laske & Widmer-
Schnidrig, 2015; Nishida, 2013; Webb, 2007). Even if the excitation
mechanism remains uncertain, the hum can be used to infer 3-D upper
mantle structure and can be considered as a part of the new field of
ambient noise tomography (Laske & Widmer-Schnidrig, 2015; Nishida,
2013; Shapiro, 2005).

In the subseismic frequency band, that is, periods longer than 53.9 min,
other elusive modes have been investigated using superconducting

gravimeters: the Slichter mode ;S; and inertial gravity oscillations in the Earth’s core. Unlike the classical seis-
mic modes, of which the restoring force is elastic and described by the shear and compressibility moduli, the
main restoring force of the core undertones is the much weaker Archimedean force, which results in lower
periods. The Slichter mode ;S; would be a translational oscillation of the inner core about its equilibrium
position; its period is expected between 4 and 6 h. This mode is controlled by the density jump between
the solid inner and fluid outer cores, and the buoyancy force produced by the outer core. Several authors
claimed the detection of this mode, but no detection using state-of-the-art instruments has been reported
so far. Known attempts remained unsuccessful (Rosat et al, 2003, 2006), even after the great 2004
Sumatra-Andaman earthquake (Ding & Shen, 2013). Note that Rosat (2007) showed that a vertical deep-slip
M,, 9.7 event should be required to excite the Slichter mode up to a detectable level. However, studies are still
ongoing to analyze the possibility of searching for the Slichter modes in superconducting gravimeter records

(Shen & Luan, 2015).

Melchior and Ducarme (1986) reported on the detection of gravity oscillations in the Earth’s core in the times
series of the superconducting gravimeter at Brussels. The reported period was 13.9 h. The restoring forces of
this oscillation are Coriolis (inertial), Archimedes (buoyancy), and Lorentz (Alvén), hence the name MAC
(Magnetic, Archimedes, Coriolis) waves (Gubbins & Herrero-Bervera, 2007). Observations of the MAC oscilla-
tions would provide valuable information on the stratification of the outer core (Vidal & Schaeffer, 2015). This
mode could never be confirmed ever since (Ziirn et al., 1987). The spectral peaks reported by Melchior and
Ducarme (1986) were probably caused by instrumental artifacts. Let us just recall that, at that time, recordings
of this prototype instrument, installed in an urban area on sediments, were still performed through

chart recorders.

In the subseismic frequency band, there are also modes related to the geometry of the Earth: the aforemen-
tioned nearly diurnal free wobble and also the Chandler wobble (Wahr, 1985). As described in the last section,
research is ongoing to determine the gravimetric factor of the pole tide; meanwhile, one uses the precise
astronomical observations to correct the gravity time series from the polar motion effect.

Superconducting gravimeters are appropriate instruments to monitor the seismic free oscillations, and, in our
opinion, their use is one of the best successes of the Global Geodynamics Project GGP, the network of super-
conducting gravimeters established in 1997 (Crossley & Hinderer, 2009), which became in 2015 the
International Geodynamics and Earth Tide Service (IGETS) and collects the data from two dozen stations.
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Figure 19. Schematic cross section of the Cascadia subduction zone as reported
by Audet et al. (2009, 2010). The various slip modes believed to occur along
the plate interface are given by the dashed, dotted, and continuous blue lines,
and the corresponding observed phenomena indicative of each are listed
above. The zone of high fluid pressure is inferred from seismic images and
corresponds to the E zone, the top of which has been inferred recently to be the
plate interface where aseismic slow slip occurs. Tremor source location
estimates concentrate at and above the interface (gray dots), albeit with large
uncertainties.

3.2.3. Episodic Aseismic Slip at Plate Boundaries

For the last 15 years, long-term GNSS positioning surveys have
revealed the existence of slow slip events (SSE), corresponding to
a fast trenchward relaxation motion. The SSE, also known as silent
earthquakes, are associated with tremors and observed at many
subduction zones, for example, Japan (Obara, 2002), Cascadia
(Rogers, 2003), Central America (Jiang et al, 2012; Radiguet et al.,
2016), South America (Vallée et al., 2013), or New Zealand (Beavan
et al.,, 2007; Wallace et al., 2016) (Figure 19). The SSEs are somewhat
similar to earthquakes, but their slow motions result in a different
and not fully understood physics, with different scaling laws (Ide
et al., 2007). The SSEs take place at about 30-40 km depths and
can release a seismic moment equivalent to a magnitude 6-7 earth-
quake. In different regions, a striking characteristic is that SSE and
tremors appear regularly, with periods from several months to a
couple of years, with a characteristic duration of weeks. The episodic
tremors and slips (ETS) are widely assumed to dissipate strain
energy accumulating from ongoing convergence along the deeper
region of the plate interface (Schwartz, 2015). It remains difficult to
locate with precision the mass changes associated with the SSE
events, as well as to investigate the possible release and migration
of fluids suggested by Boyarko and Brudzinski (2010) and Dragert
et al. (2004). Progress is ongoing in developing and applying geode-

tic techniques to detect the aseismic slip events.

Gravity observations could provide a better picture of the ETS zone, which remains fuzzy, because of difficul-
ties in tremor detection and location (Ghosh et al., 2009). Monitoring the flow of water toward the surface
would provide information on the permeability of the subduction interface as well as the overlying hanging
wall. Being able to monitor dehydration processes of the ocean crust plunging into the mantle is paramount
for the understanding of arc volcanism and the seismic cycle in the subduction zones experiencing

megathrust earthquakes.

The slow events have anomalously large characteristic durations. Hence, they are enriched in low frequency
relative to other classical events of comparable magnitude and may be prone at exciting Earth’s free oscilla-
tions (Beroza & Jordan, 1990). The stability and sensitivity of superconducting gravimeters could contribute
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Figure 20. Gravity residuals from the superconducting GWR#C021 and absolute
FG5#202 gravimeters at the Membach station, Belgium. Usually, gravity is
lower during the winter because water accumulates in the unsaturated zone
above the underground gravity station (Van Camp et al., 2006). The origin of the
multiannual variation, about 70 nm/s2 peak to peak, remains unknown. The
instrumental drift of the SG was corrected by using the AG measurements.

to the study of the slow and silent earthquakes, but no result has ever
been published.

3.2.4. Long-Term Gravity Changes

The viscoelastic glacial isostatic adjustment, present elastic loading
changes as caused by ice melt, water withdrawal, climate change,
and tectonic deformations all can induce long-term variations in grav-
ity that may consist in a trend or in oscillating phenomena of which the
periods range from a few weeks to years (Figure 20). Relative and abso-
lute terrestrial gravity measurements are appropriate to measure those
long-term gravity changes, which might reflect either vertical ground
motion or mass redistribution.

Gravimeters have been used to monitor glacial isostatic adjustment
(Lambert et al., 2006; Mékinen et al., 2005; Mazzotti et al., 2011; Sato
et al,, 2012; Steffen et al,, 2009), slow vertical ground displacements
(Djamour et al,, 2010; Mazzotti et al., 2007; Van Camp et al, 2011;
Zerbini et al,, 2007), crustal tectonics (Mouyen et al., 2014), or mass
redistribution by erosion (Mouyen et al.,, 2013). Terrestrial measure-
ments have also been used to study slow, climate-driven oscillations
in gravity (Jiang et al, 2011; Lambert, Henton, et al,, 2013; Lambert,
Huang, et al,, 2013; Van Camp et al,, 2010, 2011).
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Figure 21. Absolute gravity (1 uGal =10 nm/sz) versus GPS uplift rates in Canada and the northern U.S. GPS vertical velo-
cities aligned to (a) International Terrestrial Reference Frame ITRF2005 and (b) ITRF2000. Red and green symbols show
absolute gravity and GPS uplift rates with 95% confidence intervals at collocated and interpolated sites, respectively. From
left to right, gravity stations are lowa City, Wausau, Priddis, Pinawa, Int. Falls, Flin Flon, and Churchill. The Saskatoon station
is shown by the purple symbol and is not used in the fit, given the shortness of the time series (8 years instead of

13-15 years elsewhere and the strong hydrogeological effects). Blue solid and dashed lines show best fit linear regression
and its 95% confidence interval, respectively. Black dashed line shows model-predicted, center-of-mass-aligned, linear
relation based on rates predicted by the Multi-Dome-1/VM2 glacial isostatic adjustment model. From Mazzotti et al. (2011).

The GNSS technique is quite appropriate for measuring relative deformations, but estimating absolute defor-
mation (i.e., not with respect to another station allegedly fixed but with respect to a stable reference) requires
a much better mastery of the vertical reference frame than is presently achieved. It remains challenging,
using relative measurements, to determine if northern Europe is moving vertically as a whole or not, at least
at the millimeter precision level; such a precision is required when dealing with sea level changes
(W6ppelmann & Marcos, 2016). In addition, from the metrological point of view, it would be dangerous to rely
on measurement from only one technique to determine the vertical motion, even more so if the vertical com-
ponent is the well-known weakness point of the technique. Indeed, repeated absolute gravity measurements
allowed the determination of a bias in the GNSS velocities at the mm/yr level when expressed in the ITRF2000
reference frame (Mazzotti et al., 2007, 2011; Teferle et al., 2006) (Figure 21).

Though the gravity has the capacity to detect and separate a trend from other techniques, separating the
different geophysical contributions from a trend is challenging and can only be achieved by either subtract-
ing known contribution or by modeling of better known contributions.

3.2.4.1. Glacial Isostatic Adjustment

Glacial isostatic adjustment (GIA) refers to the crustal deformation induced by the present and past change in
the ice load at the Earth surface (Steffen & Wu, 2011; Wake et al.,, 2016). For example, Fennoscandia
rebounded by up to 300 m after the end of the last glaciation (Steffen & Wu, 2011). Because the crust is partly
elastic, it reacts instantaneously to changes in the ice masses, but as the underlying mantle is viscoelastic, part
of the adjustment takes time so that Fennoscandia and northeastern Canada are still uplifting at rates up to
about 1 cm/yr. Assessing ice mass balance using altimeters is biased because they cannot discriminate
between ice and snow, and because they cannot distinguish between the signal from present-day deforma-
tion of the Earth and the delayed viscoelastic effects from past glaciation. Hence, investigating the GIA is
necessary for studies of past and present ice mass balance (lvins et al., 2013; Mémin et al., 2011; Omang &
Kierulf, 2011). It also provides insights on the rheology of the Earth (Mazzotti et al, 2011; Nielsen et al.,
2014; Sato et al., 2012; Wahr et al., 2001).

Wahr et al. (1995) demonstrated that by measuring gravity and vertical deformation, one can discriminate
between the past, viscoelastic, and present elastic effects of ice loading by computing the ratio g/z, which
is expected to range —1.0 to —2.6 nm/s*’/mm (De Linage et al., 2007; Teferle et al., 2009; Wahr et al., 1995).
This ratio depends on the position of the load, the wavelength, the rheology, and the history of the
deformed layers.
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It also depends on whether there is elastic response due to past and contemporary ice changes, earthquakes
or other tectonic processes (Mazzotti et al., 2007), and nontidal sea level variations, such as the Baltic sea level
decrease due to the Fennoscandian postglacial uplift (Olsson et al., 2009). Unfortunately, the precision of the
measured ratios g/z (e.g., as reported by van Dam et al., 2017; Mazzotti et al.,, 2007; Ophaug et al., 2016; and
Sato et al., 2012) yet does not allow discrimination between different models. Extending the times series and
better modeling the hydrogeological effects on gravity measurements are key to achieve this goal. This
would improve our knowledge on the viscosity in the mantle and on the thickness and extension of the past
ice cap.

3.2.4.2. Preseismic, Coseismic, and Early Postseismic Effects

During an earthquake, abrupt frictional sliding along a part of the fault zone causes coseismic deformations
and mass displacements. After the main shock, postseismic deformations occur, resulting from different phe-
nomena (Marone et al.,, 1991; Smith & Wyss, 1968). First, an immediate after-slip can be observed, due to
aseismic slip or coseismic slip associated with the aftershocks. It decreases quickly, within weeks or months
after the earthquake. Second, deformation is dominated by poroelasticity effects such as dilatation and com-
pression associated with faulting disturbance of pore fluid pressure, causing the fluid to diffuse from com-
pressed regions to dilated ones (Jonsson et al, 2003; Nur & Booker, 1972) and possibly triggering
earthquakes (Masterlark & Wang, 2000). Third, as the mantle is viscoelastic, it cannot accommodate the stress
induced by the coseismic deformation and must relax. This viscoelastic motion flows for decades, in response
to major earthquakes, until a new state of equilibrium is reached and the fault relocks (Bedford et al., 2016;
Remy et al., 2016). The associated deformation is called postseismic relaxation (Azua et al., 2002; Barbot &
Fialko, 2010; Perfettini & Avouac, 2004; Pollitz, 1997, 2001).

A gravimeter placed on the Earth surface records variations in the gravity associated with the postseismic
relaxation. These variations are due to the vertical deformation of the Earth surface and of the internal bound-
aries separating layers at depth with different densities. Once the deformation part is determined from GNSS
measurements of the surface deformation, gravity data provide direct information on mass redistributions at
depth and place new constraints on the viscosity structure. For example, if only small gravity changes are
observed, a suite of low-viscosity models would be ruled out, because the predicted variation of the
Newtonian term decreases with increasing viscosity of the mantle. In addition, these direct gravity measure-
ments are also particularly sensitive to the effects of lateral variations in the rheological parameters of the
mantle, of which the wavelengths are smaller than the present resolution of satellites. Ergintav et al. (2007)
used repeated GNSS and gravity measurements to investigate 3-D postseismic deformation for the 1999,
M = 7.4 Izmit earthquake in Turkey, but the interpretation of the gravity campaigns is limited by the precision
(about 50 nm/s?) of the measurements and the hydrogeological effects.

Using three superconducting gravimeters located at epicentral distances of 3.4°, 6.9°, and 9.4° from the 2003
M,, = 8.0 Tokachi-Oki earthquake, Imanishi (2004) observed gravity changes at the few nm/s? level and
demonstrated the ability of gravity measurements to infer information on the nature of dislocations in the
earthquake source region. Transient gravity changes have also been observed at the onset of a major earth-
quake, as reported by Montagner et al. (2016) who investigated time series after the 2011 Tohoku-Oki
M,, = 9.0 earthquake, using a superconducting gravimeter located 510 km away from the epicenter. The
authors observed a transient signal of a few nm/s?, before the arrival of seismic waves. It is suggested that
a network of sensitive gravimeters could reduce the time required to release a warning and enable faster
earthquake magnitude estimation.

Preseismic gravity changes have been reported in Tibet by Chen et al. (2016), which they interpret as related
to interseismic mass change around the locked plate interface under the Himalayan-Tibetan Plateau, but Van
Camp, de Viron, and Avouac (2016) demonstrated that the reported effects can be explained by instrumental
artifacts and hydrogeological effects. Hui et al. (2011), Shen et al. (2011), and Zhan et al. (2011) also reported
on gravity precursors in China. However, these studies are essentially based on repeated relative surveys, of
which the results must be analyzed in light of hydrological effects and mainly instrumental artifacts, espe-
cially as the measurements were performed on long profiles in strong topography. Hence, given the correla-
tion with the topography of Tibet, Xinjiang, and eastern plains observed in Hui et al. (2011) and Zhan et al.
(2011), this supports the hypothesis that calibration errors and/or malfunctioning seals play a significant role.
Another puzzling point is that for the same campaigns, Hui et al. (2011) and Zhan et al. (2011) report signifi-
cantly different gravity changes.
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On the other hand, repeated gravity measurements provide upper limits on the elusive vertical land motion
in slowly deforming, intraplate areas (Camelbeeck et al., 2007; Van Camp et al., 2011) or at plate boundary
zones (Mazzotti et al., 2007; Mouyen et al., 2014).

3.2.4.3. Postseismic Relaxation in Subduction Zones

Megathrust earthquakes generate huge coseismic stress changes affecting a volume, with dimensions of
~1,000 km both laterally and vertically and, thus, trigger the largest postseismic deformations. Little is known
about the viscosity of the shallowest upper mantle layers: models predict viscosity ranging between 10'° and
1022 Pa s. These values are known through the investigations of the postglacial isostatic adjustment, labora-
tory experiments, and a few postseismic relaxation observations. In subduction zones, the problem is even
more complicated than at other plate boundaries because the viscoelastic processes are controlled by the
3-D geometry of the subduction (Hu et al.,, 2016; Pollitz et al., 2008; Suito & Freymueller, 2009; Thatcher &
Pollitz, 2008). For example, near Sumatra, the subducting Indo-Australian slab can act as a strong boundary
to the viscous mantle flow (Pollitz et al., 2008). In South America, the viscosity is supposed to increase by over
2 orders of magnitude from the arc toward the hinterland, which influences the postseismic responses over a
distance of a few hundreds of kilometers from the trench (Li et al., 2017). A deeper understanding of the vis-
coelastic processes through new measurements is essential to obtain information on the rheology of the
Earth’s mantle and the stress evolution in the crust and to learn about subduction processes.

Assessing the viscosity of the most shallow upper mantle layers in subduction zones and investigating if post-
seismic viscoelastic processes are able to cause failures of neighboring megathrust faults or not has been
addressed by measuring the surface displacements caused by the postseismic relaxation, using GNSS, and
gravity change, using GRACE (Broerse et al., 2015; Han, 2006; Panet et al., 2010). GRACE has provided informa-
tion on coseismic and postseismic effects but at a resolution which remains poor compared to the expected
spatial variations of viscoelastic effects (Hu et al., 2014). Moreover, GRACE could not monitor the effect of
earthquakes of magnitude lower than 8 (Han et al., 2016; de Viron et al., 2008). The last point worth investi-
gating is the study of Mantle’s water mass poroelastic diffusion, which is discussed by Ogawa and Heki (2007)
but has never been confirmed since. However, subduction models still lack direct information on 3-D mass
movements at depth, at scales ranging tens to thousands of kilometers. Repeated or continuous gravity
measurements can contribute to gaining insights on the 3-D viscosity structure after large earthquakes
and the related seismic cycle. Repeating well-positioned absolute gravity measurements can further probe
the physical parameters of the mantle surrounding a subduction megathrust fault (Mazzotti et al., 2007).
Measuring the ratio between deformations and gravity rates of change could also provide information on
inelastic deformation and fluid transfers during the seismic cycle (Fulton & Brodsky, 2016).

The Sunda megathrust zone in Sumatra would be a very interesting case study as, unlike most seismically
active subduction zones, the presence of islands close to the trench and above the seismogenic portions
of the Sunda megathrust makes it possible to use geodetic monitoring and paleogeodetic (e.g., corals;
Meltzner et al., 2006) studies to constrain seismic, postseismic, and interseismic deformations. In particular,
coral data provide reliable information on vertical land movements and the unique possibility to constrain
viscoelastic mass movements precisely. Another advantage is the absence of glacial isostatic adjustment,
which complicates the study of the still ongoing postseismic response to the great 1964 Alaska earthquake.

To mitigate the disastrous effects of megathrust earthquakes, it is important to understand the preseismic,
coseismic, and postseismic processes. Numerical inversion methods are promising to model the megathrust
cycle, but they lack high-quality physical parameters. Gravity measurements would sharpen estimates of the
viscosity in the upper mantle in the region surrounding the rupture zone. Depending on the chosen viscosity,
models predict postseismic gravity rates of change ranging between 5 and 100 nm/s%/yr. Such rates of
change can be perfectly monitored by repeated AG measurements.

Together with free oscillations, tides, and glacial isostatic adjustment, measuring viscoelastic processes in
subduction zones provides the transfer function of the Earth at various timescales related to the elastic
and viscoelastic properties of our planet.

3.3. Metrology and Fundamental Physics

A last but not least important point is the contribution of gravimetry in metrology and physics. On the one
hand, well-calibrated gravimeters provide traceable seismic and geodetic measurements. On the other
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hand, moving away from geosciences, absolute gravity measurements are to play a key role in the new
definition of the kilogram and research in fundamental physics.

3.3.1. Metrology

Gravimetry forms a relationship between metrology and geodesy because gravity is one of the techniques
necessary to determine the geoid, which is the standard reference surface for altitude in the World Geodetic
System (WGS). Major earthquakes modify the geoid height by moving layers of different densities and by
changing the density of rocks. For example, the great 2004 Sumatra-Andaman earthquake modified the
geoid height by about 1 cm in the vicinity of the rupture zone (Broerse et al.,, 2011; Fuchs et al.,, 2013;
Ogawa & Heki, 2007). The glacial isostatic adjustment also modifies geoid at rates up to 1 mm/yr in
Greenland, Antarctica, and Fennoscandia (Fleming et al.,, 2004; Vermeersen & Schotman, 2008; Wu et al.,
2010). This can be monitored locally by terrestrial gravity measurements and globally using
satellite observations.

In metrology, gravity is also a key to the new realization of the kilogram with the Kibble balance experiment,
weighing electrical and mechanical powers (Stock, 2013) (formerly known as the Watt balance, the Kibble
balance was conceived by Bryan Kibble in 1975 (Kibble, 1976) and was renamed after his death in 2016).
Hence, gravity is expected to play a key role in the redefinition of the SI base unit (Fischer & Ullrich, 2016;
Van Camp & de Viron, 2016). For that purpose, gravity must be known, hence measured, at the 1078 level
in laboratories housing a Kibble balance (Merlet et al., 2008). Used as standards, absolute gravimeters must
participate regularly in intercomparison campaigns to look for possible biases (Francis et al., 2015; Jiang
et al, 2011; Pélinkds et al.,, 2017; Vitushkin et al., 2002).

The last point, rarely discussed in seismology, is the traceability and calibration of the measurements. After
the 2004 Sumatra-Andaman earthquake, it was found that the Global Seismic Network and the Federation
of Digital Seismographic Networks (FDSN) exhibited a scatter of 5-10% in the calibration factors (Park
et al,, 2005). Davis and Berger (2007) proposed to use predicted tidal signals to calibrate the GSN at the 1%
level, but, in our opinion, this method does not meet the metrological standards nor the traceability that
one expects from measuring instruments. The superconducting gravimeters, being calibrated at the 0.1%
level in order to assess tidal models (see section 3.2.1), could be used to verify the magnitude of
large earthquakes.

3.3.2. Gravitational Wave Detectors

The recent detection of gravitational waves produced by a binary black hole system (Abbott et al., 2016)
opens the field of gravitational wave astronomy. This was achieved in the 35-250 Hz frequency band
and required insulation of gravitational wave detectors by using active seismic isolations devices.
However, down to 30 Hz, another challenging task consists in eliminating the Newtonian noise that is
predicted to influence the second-generation gravitational waves detectors (Coughlin et al.,, 2016). This
noise refers to the gravitational effects of terrestrial density variations in the vicinity of the detectors.
These fluctuations are caused by the ground displacement associated with seismic surface waves and
also by moving air and water masses (Harms & Venkateswara, 2016). Investigating gravitational waves
at frequencies lower than 30 Hz will open new paths in astrophysics, related to merging galaxies,
neutron stars coalescence, the speculative mass of gravitons, supernovae, or cosmic expansion (Blair
et al, 2015; Castelvecchi, 2016). We believe that the research performed by geodesists to understand
the influence of the atmosphere and hydrosphere on gravity measurements will benefit from the devel-
opments of new gravitational wave detectors, and conversely.

3.3.3. Fundamental Physics

Gravimeters provide a tool to measure the Newtonian constant of gravity G. This could be achieved by
measuring the perturbation due to a well-known mass to the acceleration of the free-falling object of
an absolute gravimeter (Schwarz et al.,, 1998). Free-fall experiments using two different materials were
also performed to look for a violation of the equivalence principle and, consequently, attempt to reveal
a fifth force (Niebauer et al., 1987); this speculative fundamental force may be as weak as the
gravitational one.

For completeness, let us mention that tides influence the alignment and, hence, the measurements of
particle accelerators (Boerez et al., 2012; Xu et al,, 2013), but this must be additionally monitored using strain-
meters and tiltmeters, as deformations and tilts are of concern rather than gravity changes.
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4. Meeting the Next Challenges of Terrestrial Gravimetry

Among the challenges of present and future geophysics, improving our integrated understanding of the
processes active in the Earth interior and of the water cycle is required to enhance our ability to answer
important societal issues, such as risk mitigation and water availability. The precision of present terrestrial
gravity measurements makes it a key technique to gather information on mass transport within the
Earth system. Considering the technique accuracy, abilities, and limitations, investigation through
terrestrial gravimetry of hydrogeological, volcanic, and hydrothermal systems can bring new pieces of
information, which are required to develop a comprehensive understanding of those structures and
the associated physical and chemical phenomena. A better knowledge of the ratio between gravity
changes and vertical displacement is also expected, as it provides a key value to understand viscoelastic
and elastic processes related to glacial isostatic adjustment and postseismic relaxation, especially in
subduction zones.

We live on a dynamic planet, which requires long-term continuous quantification of its changes. Enhancing
our understanding of the dynamic Earth system by quantifying our planet’s changes in space and time allows
for better decision making at all levels. This is the raison d'étre of the Global Geodetic Observing System
(GGOS) (Plag & Pearlman, 2009).

Most of the geophysical phenomena are associated with mass transport and affect to some extent the
ground gravity measurements. Nevertheless, a phenomenon is worth to be studied by gravimetry only under
these three conditions:

1. The gravimetric signature is above the instrumental noise level.
2. The signature can be separated from the ones of other phenomena.
3. The local information obtained through gravimetry is useful for the understanding of the phenomena.

In the future, those conditions will still hold. Nevertheless, evolutions of the instruments can broaden the
range of phenomena that can be studied and the relevance of the information brought by gravimetry.

The precision and accuracy of the state-of-the-art instruments are not a limitation anymore. On the other
hand, those instruments are heavy, expensive, and operator demanding. They also depend on main
power supply. Those characteristics make it difficult to densify the observation network with more instru-
ments and/or more measurements. They also limit the usability of the best instrument in harsh conditions,
such as volcanoes, or remote areas, such as Antarctica. Lighter, more precise and less power-demanding
future instruments will open new horizons for developing new observational systems, such as drone-
borne gravimeters, that could fill the gap between terrestrial and satellite-based gravity. Cheaper
gravimeters could be deployed in dense arrays at selected sites, to address well-posed phenomena,
improving the source separability and diminishing the local impedimenta. Deploying a network of instru-
ments can be achieved to some extent by pooling the resources, as presently achieved in the U.S. by the
University NAVSTAR Consortium that facilitates geoscience research and education using geodetic tools as
GNSS, borehole strainmeters and seismometers, airborne mapping, InSAR, and terrestrial laser scanning
(Herring et al., 2016).

Ground gravity has to be considered as a part of a multi-instrument observation network, where the combi-
nation of information with different transfer functions improve the separability of the signals and to which
gravity can bring, even with a local information, the missing piece of the puzzle. For example, Steffen et al.
(2012) provided detailed sensitivity maps and highlighted areas that need more absolute gravity measure-
ments to further improve the modeling of different ice processes, lithospheric thickness, background viscos-
ity, and lateral mantle viscosity variations. Similarly, making sensitivity maps should be done in rifting and
subduction zones where, for example, the presence of volcanoes and postseismic motion must be taken into
account. In hydrogeology, it must be supported by geological and pedological investigations. Depending on
local environmental conditions, external data from piezometers, soil moisture measurements, dye tracing,
electrical resistivity or self-potential surveys, meteorological data, or remote-sensing techniques are also
strongly recommended. In volcanology, ground deformation and seismic and geochemical studies complete
this list. The combination of different instruments also requires developing statistical and processing techni-
ques, to elucidate cause-effect relationships between the multiple time series, taking into account that
correlation does not imply causation (Sugihara et al., 2012).
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The best days of geophysics and, in particular, time-varying gravimetry are still ahead! New, less expensive,
and easier to implement techniques will make it possible to deploy arrays of gravimeters to monitor systems
that need comprehensive investigations to understand their functioning, such as volcanoes, specific hydro-
geological and hydrothermal systems, or postseismic and postglacial relaxation.

Glossary

Absolute gravimeter (AG): instrument measuring the value of the gravity, ranging 9.78 m/s? at the equa-
tor to 9.83 m/s” at the poles. Absolute gravimeters—as opposed to relative gravimeters, which only measure
the difference in the gravity value—can be ballistic or based on a pendulum.

Accuracy: absolute difference between the measured value and the true value.

Aliasing: distortion of the signal due to undersampling, resulting in a change of frequency, where periods
shorter than two sampling periods appear as being longer. When a signal is decimated, low-pass filtering
prior to decimation limits aliasing.

Atom absolute gravimeter: ballistic gravimeter using laser-cooled rubidium atoms used as test mass
(Debs et al., 2013).

Ballistic absolute gravimeter: instrument measuring the gravity through the monitoring of the free fall of
a test mass.

Bouguer-corrected free air gradient: see free air gradient.

Capacitive sensor: a device used as a precise and linear displacement transducer, as the capacitance is
inversely proportional to the distance between two conducting plates.

Cold atom gravimeter: see atom gravimeter.

Cryogenic gravimeter: see superconducting gravimeter.

Drift (instrumental): apparent continuous time gravity change due to instrumental artifacts affecting
spring or superconducting relative gravimeters.

Exsolution (or vesiculation): the process of bubble formation in magma.

Free-air gradient: correction to observed gravity values to account for variation of gravity with altitude,
typically —3,086 nm/s*/m. If the movement of the gravimeter is due to ground deformation, one must
account for displaced masses; the correction is known, in this case, as the Bouguer-free air corrected gradient
and amounts —2,000 nm/s%/m.

Free-fall absolute gravimeter: ballistic absolute gravimeter.

Gas slug: a conglomerate of high-pressure gas bubbles.

Generalized Gauss-Markov (GGM) noise: similar to the first-order Gauss Markov process, but the power
law can take any spectral index.

GNSS:Global Navigation Satellite System (such as the Global Positioning System GPS, Glonass, or Galileo).

Gravimetric factor: see tidal parameters.

Interferometer: an optical device used to precisely measure distances based on the interference between
two light waves.

Karst: landscape formed from the dissolution of soluble rocks such as limestone, dolomite, and gypsum; it
is characterized by caves, sinkholes, and efficient underground drainage.

Gal: the Gal (symbol Gal) is a centimeter-gram-second (CGS) unit of acceleration; 1 Gal = 1 cm/s2.

Microseism: background noise during periods of earthquake quiescence. It consists in persistent vibra-
tions of the ground, with the dominant period between 2 s and 40 s. They are mainly caused by oceanic
waves, anthropogenic activity, atmosphere, and hydrothermal and volcanic systems.

Mush: slushy material that is part magma and part solid crystal.

Pendulum absolute gravimeter:gravimeter where the observable is the period of a pendulum.

Piezometer: device measuring the hydraulic head within an aquifer, usually measured as a liquid surface
elevation.

Power spectral density (PSD): distribution of power of a signal into frequency components composing
that signal.

Precision: stability of the measurements, that is, deviation of the individual measurements with respect to
the average value.

Relative gravimeter: instrument that measures the changes in the gravity in space and time.

Sill: horizontal sheet intrusion between older layers of sedimentary
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Spring gravimeter: relative gravimeter, where a proof mass is suspended by a spring.

Superconducting gravimeters (SG): relative gravimeter, where the proof mass is a superconducting
sphere levitating in a magnetic field, and the measurement is the current required to keep it levitating at a
constant position.

Tare: undesirable element in gravity time series; it consists of a gap, a step, or a spike.

Tidal parameters: gravimetric (or amplitude) factor ¢ and phase « of the response of the Earth to the tidal
forces.

Trend: (here) actual geophysical rate of change.

Trilateration: the process of determining a position by measuring distances.

Uncertainty: this parameter characterizes the dispersion of the value that could reasonably be attributed
to the quantity subject to measurement. Uncertainty comprises, in general, many components, as an experi-
mental standard deviation and systematic effects. The other components are evaluated from assumed prob-
ability distributions based on experience or other information (Joint Committee for Guides in Metrology,
2012). See also Accuracy and Precision.

Vertical gravity gradient: variation of gravity along the vertical line (dg/dz).

Yield (specific): volume of water per unit volume of an aquifer that can be extracted by gravity drainage.

Appendix A: Data Processing, Field Techniques, and Sources of Noise
A.1. Processing the Gravity Time Series

Time-varying gravity data supplied by an instrument at a given location consist of one variable time series,
most of the time at a fixed sample rate. Except for absolute gravimeters acting as standards, the first step
in processing data from relative gravimeters is the calibration. Then, the microseism, tidal effects, atmo-
spheric pressure variations, and polar motion effects are routinely corrected in the time series prior to physi-
cal interpretation, except of course when those are the studied phenomena.

A.1.1. Microseismic Noise

Gravimetry time series from everywhere in the world are affected by microseismic perturbation, coming from
the interaction of the waves with the coastal areas. This noise reaches a maximum at a period of about 6 s and
ranges 8 10°-8 10” (nm/s%)?/Hz (Peterson, 1993). This corresponds to displacements ranging 0.02-2.5 pm. In
the vicinity of urban and industrial areas, the microseismic perturbation is larger, especially above 1 Hz.
Microseism causes an increase of the power spectral density (PSD) only at periods shorter than 50 s; hence,
applying a low-pass filter to recording systems of relative instruments allows removing easily this effect; a
drawback of this method is that any other short-period signal is also removed.

A.1.2. Tidal Effects

The Scintrex CG3 and CGS5 instruments are provided with an algorithm based on Longman (1959), which cor-
rects tidal effects directly (Bonvalot et al., 1998); the new CG6 instrument is provided with a state-of-the-art
software, the same as in the FG5 absolute gravimeters, allowing to apply more accurate corrections (Van
Camp, 2003). Before the 2000s, early absolute gravimeters also used an old-fashioned tidal model (Munk &
Cartwright, 1966; Van Camp, 2003). However, this model considers a frequency-independent tidal parameter
for an oceanless Earth. Imprecisions in the model contaminate the gravity time series at the 10 nm/s? level for
an oceanless Earth and, for the real Earth, can amount 100 nm/s> along coastlines (Figure A1). Another draw-
back is due to round-off errors, as CG3 or CG5 acquisition softwares store the results with a resolution of
10 nm/s%. If one wants to restore the tidal signal computed by the gravimeter, round-off errors will affect
the measurements (Meurers, 2012). Hence, for high-precision gravity investigation, at or below the
10 nm/s? level, a more accurate tidal model should be applied after switching off the correction available
in the instrument.

The tidal signature corresponds to the sum of the direct gravitational attraction on the test mass, of the
change of distance to the Earth’s center due to Earth deformation, and of the Earth’s internal mass redistribu-
tion (see section 3.2.1). To the first order, the equilibrium tide can be calculated using a radial Earth model for
an inelastic nonhydrostatic, oceanless Earth (Dehant et al., 1999). Nevertheless, the actual gravity transfer
function differs from that of the model by up to about 2%, due to the loading of ocean tides. The ocean load-
ing effect on gravity is caused by the attraction of the moving water masses and the deformation of the crust
due to the water load, with an induced vertical displacement that can reach a dozen centimeters. Numerous
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Figure A1. Amplitude (nm/sz) of the semidiurnal M, wave ocean load based on applying the SPOTL package (Agnew,
2013) to the TPXO7.2 model.

models have been developed to correct for the dynamic ocean tide effects, but a correction at the nm/s? level
is still challenging, due to the rather complicated distribution of the continents and the bathymetry.
Presently, the best way to correct for tidal effects is by adjusting tidal parameter sets on the time series, as
it allows correcting for both the solid Earth and ocean loading tidal contributions to gravity at the station
(Hinderer et al,, 2015; Neumeyer, 2010). Tidal analysis software, such as ETERNA (Schiiller, 2015), estimate
the frequency transfer function of the Earth (solid body plus oceans)-station-sensor system through a least
squares adjustment of the Earth tide observations on the well-known astronomic forcing function or tidal
potential (Wenzel, 1997a). As already explained, this periodical phenomenon is relatively easy to correct at
a few nm/s? level. However, reaching the nm/s? level or below is not straightforward (Ducarme, 2009;
Kroner et al., 2005; Van Camp, de Viron, & Avouac, 2016).

Ocean loading parameters can also be computed from existing ocean tide models, for example, by the free
ocean tide loading provider from the Onsala Space Observatory (Bos & Scherneck, 2017). More than two
dozen ocean loading models are available. The best choice is station dependent; the load tide amplitude
may scatter from one model to the other by about 0.5 nm/s? or 5% for midcontinental sites in Europe,
for example.

From observed or modeled tidal parameters, packages such as the Tsoft software (Van Camp & Vauterin,
2005) allow predicting Earth tides as well as ocean loading contributions.

A.1.3. Atmospheric Effects

The atmospheric mass also affects the gravity, by both the direct Newtonian attraction of air masses above
the instrument (—4 nm/s%/hPa) and the loading on the crust (+1 nm/s*/hPa) (Merriam, 1992; Warburton &
Goodkind, 1977). The effect is at the level of —3 nm/s*/hPa and frequency dependent. At midlatitude, this
means a standard deviation of gravity of 30 nm/s” as the standard deviation of the barometer recording is
10 hPa. The local air pressure recording and a single admittance factor allow correcting for about 90% of
the atmospheric effects (Boy, 2005; Boy et al., 2009, 2002; Hinderer et al.,, 2014; Kliigel & Wziontek, 2009;
Merriam, 1992).

The quality of the correction using a single admittance approach differs within the frequency range due to
the frequency dependence of air pressure admittance. This can certainly be improved by applying a 3-D
model of the atmosphere and local barometric measurements (Boy, 2005; Boy et al., 2002, 2009; Hinderer
et al, 2014, 2015; Karbon et al., 2014; Kliigel & Wziontek, 2009; Merriam, 1992; Neumeyer, 2010) (Figure A2).
However, the correction of atmospheric pressure effects remains imperfect, even with the most sophisticated
treatments due to the limited spatial and temporal resolution of 3-D atmosphere models.

Even if the atmospheric pressure correction remains imperfect, the PSD of the barometric signal flattens at
periods longer than 50-100 days; hence, atmospheric effects are not expected to influence the measure-
ments of long-term gravity changes. At shorter periods, the barometric signal is autocorrelated. After remov-
ing tidal and polar motion effects, when correcting the gravity recordings for the pressure signature, the
standard deviation decreases easily by 50% (Membach: from 30 to 15 nm/s%) and the PSD level decreases
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Figure A2. Power spectral densities (PSDs) of superconducting gravimeter time series (Conrad Observatory, Austria):
Residuals before (black) and after atmosphere correction using a single admittance (red); atmacs (blue, Kligel &
Wziontek, 2009) and MOG2D (green, EOST Loading Service, Boy et al., 2009) models.

by up to 10 dB at periods shorter than 100 days. Despite correction models, atmospheric effects can limit the
ability to monitor subtle gravity changes at the nm/s? level, especially fast ones. Rapid strong mass exchanges
within the atmosphere, at the kilometric or even smaller scale, are very difficult to model.

Another indirect atmospheric effect is the nontidal sea loading, caused by variations in the sea level, primarily
driven by wind stress. This effect was observed for the first time along the Baltic Sea in Finland (Virtanen &
Maékinen, 2003) and along the North Sea in Belgium (Fratepietro et al., 2006) using superconducting gravi-
meters and was later evidenced using GNSS measurements (Geng et al,, 2012; Nordman et al,, 2015). Other
seasonal atmospheric pressure-driven sea level changes also influence gravity measurements, as shown
along the Adriatic Italian coast by (Zerbini et al., 2004). These nontidal effects—reaching a few dozen
nm/s>—can be accounted for by applying appropriate models (Boy et al., 2009; Fratepietro et al., 2006;
Virtanen & Makinen, 2003).

Modern relative gravimeters are sealed in such a way that direct buoyancy effect of atmospheric pressure
changes on the suspended mass does not influence gravity measurements. However, damaged seals make
the gravimeters sensitive to the Archimedean effects of atmospheric pressure changes (Figure A3). This is
0 even more critical if imperfectly sealed gravimeters are calibrated by

measuring at different elevations, as pressure changes would bias the

I calibration process.
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I | il
tf ”"W' P Changes of solar irradiation cause, among other phenomena, dynamic
global air pressure changes known as atmospheric tides (Agnew, 2015).
The associated load on the Earth’s surface causes deformation and
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Figure A3. Influence of the atmosphere pressure variation on the B28 Burris
gravimeter, of which the seals are leaking, slowly increasing the response of
the instrument to barometric changes. Instrument installed at Montserrat, Lesser
Antilles, 16.75°N, 62.23°W. Black: gravity after removing a synthetic Wahr-Dehant
tidal signal (Dehant et al., 1999); blue: barometer time series; red: regression
coefficient between pressure and gravity. Both pressure and gravity signals are
high-pass filtered with a cutoff frequency of 0.5 cycle per day.

A.1.4. Polar Motion Effects

The polar motion induces a very small variation of the distance to the
rotation axis, about a dozen meters, which results in a change in the
centrifugal acceleration and in gravity to the level of 130 nm/s? peak
to peak (Wahr, 1985), which is easily visible with a stable gravimeter.
However, other techniques such as radio-astronomy (very long base-
line interferometry) allow better measurements of the pole motion so
that its effect on gravity can be removed independently.
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In practice, software such as the Tsoft package can do this, using the time series of pole coordinates, as pro-
vided by the International Earth Rotation Service.

A.2. Types of Monitoring and Experimental Designs

Measuring gravity changes at the 1077 level or better requires a rigorous measurement protocol. Among
others, it is very important to benefit from a reference station where gravimeters can be tested and which
acts as a reference point for campaign-based microgravimetric surveys.

A.2.1. Designing a Station

A.2.1.1. Limiting Tilt and Vibration Effects

Stable installation of the gravimeter, on the bedrock or a very stable pier, allow to limit tilt and vibration
effects; see recommendations of Uhrhammer et al. (1998) in order to ensure the mechanical stability of the
pier. Concerning the vibrations, relative gravimeters, given their feedback systems and filters, are not appro-
priate to investigate phenomena of periods shorter than a few seconds, as the loop gain of a force-balance
accelerometer feedback system becomes unstable at short periods (Wielandt, 2002). Hence, they are rather
insensitive to anthropogenic vibrations.

As for absolute gravimeters, their seismometer-based isolating device attenuates the microseismic effects.
However, when it is strong enough, microseism can significantly deteriorate the measurements, typically
when the drop-to-drop standard deviation becomes higher than 150 nm/s? for an FG5 instrument. In that
case increasing the sampling rate is an additional and efficient way to mitigate for microseismic noise (Van
Camp et al., 2005). Strong microseismic noise can also lower the ability of the operator to check the verticality
of the instrument. Hence, it is preferable to measure away from the coast or cities, whenever possible; that is,
city or ocean are not the topics of the study (Van Camp et al., 2011; Williams et al., 2001).

Concerning tilts, superconducting gravimeters and gPhones are equipped with thermal levelers, which, in
principle, compensate for tilts of the ground and decrease the PSD noise level by 1 order of magnitude.
However, classical absolute gravimeters are still not provided by such devices and must be installed on a
stable platform; it is worth noting that the suspension devices as the superspring or seismometers do not
allow compensating for tilts. On the other hand, the cold atom gravimeter developed by Muquans is pro-
vided by tiltmeters, of which the recordings are used to correct the gravity value provided that the tilts
remain smaller than 1°.

Clay soils swelling with moisture or air pores within sand which react to atmospheric pressure can cause tilts;
whenever possible, bedrock must be preferred. Installing a pillar on pads of elastic material is definitely not
appropriate for seismic or gravity measurements, given that the pier has the freedom to move and tilt and
that resonance effects may occur. In other words, although pads may attenuate the urban noise, they are
likely to introduce low-frequency tilts and displacements.

The pillar, ideally in contact with the bedrock, should be made of a rich mixture of 50% cement and 50%
sieved sand (Uhrhammer et al., 1998). It should not contain any reinforcing bars nor wire mesh nor rock
aggregates, as all have different coefficients of thermal expansion and iron may induce magnetic effects.
This seems contrary to traditional concrete construction practice, but the very hard mixture is strong enough
to support a gravimeter and its operator! The mixture must be vibrated to remove air which otherwise may
expand and contract with passing pressure cells, resulting in high-frequency noise. To ensure thermal insula-
tion and minimize coupling with the floor and the structure of the building, the pier should be surrounded by
foam boards. Figure A4 shows the construction of one of the two pillars at the Rochefort station: the foam
boards are visible before pouring the cement-sand mixture. Although Uhrhammer et al. (1998) recommend
a 50-50 mixture, we used a 35% cement-65% sand mixture, following the recommendation of the Black
Forest Observatory, because the 50-50 rich mixture could be too brittle for 1 m® large pillar. In order to avoid
possible instabilities of the pillar, we chose to install the superconducting gravimeter on the smoothed bed-
rock directly (Figure A4d). However, for practical reasons a pillar had to be built to host the absolute instru-
ment (Figure Ade). When selecting a site, one should take into account possible building construction or
soil sealing around the gravity station, which may modify gravity significantly.

A.2.1.2. Limiting Thermal Influence

Thermal influences on gravimeters are drastically reduced or even canceled through controlling the tempera-
ture in the gravity sensing unit. This contrasts with several other geophysical instruments such as broadband
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Figure A4. Pillars at the Rochefort station, Belgium (50.16°N, 5.23°E). (a) Digging to reach the bedrock; (b) ready to house
the gravimeter; (c) after installation of the gPhone gravimeter; (d) same place, after installation of the GWR iGrav#019
superconducting gravimeter; and (e) same room, the pillar for the absolute gravimeter, made of 35% cement and 65%
sand. Credit: Royal Observatory of Belgium.

seismometers that need much more thermally stable conditions (Block & Moore, 1966; Wielandt, 2002): their
external insulation must ensure a significant attenuation of the thermal noise in the seismic band (i.e., at
periods shorter than 54 min) and preferably also the diurnal signature (Uhrhammer et al., 1998).

State-of-the-art observatory instruments such as superconducting and gPhone gravimeters are thermo-
stated at a level making them insensitive to room temperature changes. For example, let us compare the
superconducting gravimeters iGrav#019 and OSG#056. The iGrav#019 is installed in the middle of the
Belgian town of Rochefort (50.1552°N, 5.2256°E), in a laboratory where the temperature is only controlled
at the 1-2°C level, while the OSG#056 is installed at the extremely stable Black Forest Observatory (Rosat
& Hinderer, 2011; Ziirn & Widmer, 1995). In particular, the OSG is protected by an airlock that limits tempera-
ture fluctuations to less than about 3 mK and acts as a low-pass filter for atmospheric pressure variations
shorter than 36 h (Ziirn et al., 2007). The OSG#56 is an experimental, dual sphere instrument, provided with
a heavier, 17.7 g sphere in the lower sensor and a typical 4.3 g mass in the upper sensor. This was a test to
decrease the thermal, Brownian noise of the sensors, which varies as m~2, m being the mass (Hinderer et al.,
2015). With a PSD of 2 nm/s?, the iGrav#019 performs similarly to the upper sensor of the OSG#56 installed
at Black Forest Observatory. As for the gPhone instrument, we obtained similar results when measuring at
the Rochefort surface laboratory (Figure A4c) and after its installation in the cave, where the temperature
is yet much more stable.

Presently, spring gravimeters are shielded from temperature changes by housing the sensor in a single or
double oven, at a temperature close to 60°C. However, spring gravimeters can suffer from an improper
thermostatization. Recordings from not well temperature stabilized or even not well-sealed spring
gravimeters may be improved by compensating for temperature or barometric effects (Andd & Carbone,
2009; Bonvalot et al., 1998; Fores et al., 2016). For example, Fores et al. (2016) showed a linear relation of
—5 nm/s%/°C between two CG5 instruments and ambient temperature. As those effects are instrument
and setup specific and may be frequency dependent (Ando & Carbone, 2009), this must in some cases be
removed through nonlinear techniques and in a case-by-case fashion.
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Figure A5. Gravity as measured by the absolute gravimeter FG5#202 (black
dots), and room temperature (red line) at the Rochefort station, Belgium. The
strong variation in temperature (5°C in 4 days) caused a misalignment of the
interferometer, diagnosed by controlling the instrument. This induced an
apparent decrease in the gravity of about 30 nm/sz; such a time series must be
rejected. Since 2008, the temperature is regulated at the 2°C level.

To a much lesser extent, classical, mechanical absolute gravimeters are
also sensitive to temperature as changes of a few degrees in the oper-
ating room can cause a misalignment of the interferometer and conse-
quently modify gravity by a few tens of nm/s> (Figure A5). This can be
mitigated by stabilizing the room temperature at the 1°C level or by
controlling the alignment whenever temperature changes by 2 or 3°.
Ancillary temperature recording provides a very useful criterion to
reject doubtful measurements.

A.2.1.3. Limiting the Umbrella Effect

When gravimeters are operated to study hydrogeology, it is advisable
to limit the impact of the building on the local hydrology, known as
the umbrella effect (Creutzfeldt et al.,, 2010; Deville et al., 2013). This
umbrella effect can be drastically reduced by using a small field enclo-
sure (Figure A6).

A.2.1.4. Limiting Nearby Newtonian Effects

Finally, let us mention a special consequence of the outstanding sen-
sitivity of superconducting gravimeters, which detect the presence of

operators and nearby vehicles (Van Camp & de Viron, 2016). This
induces transients in the time series (Figure A7), which should be
minimized and carefully reported in a logbook. Self-attraction of absolute gravimeters must also be
considered (Biolcati et al., 2012; Niebauer et al., 2013). Hence, activities that are part of the measuring pro-
cess do influence the measurand, that is, here, the high-precision gravity measurements. Ironically, this
makes us think of similar problem quantum physics faces in many experiments. In our case, however, it
is not intrinsic to the physics of the process itself; restricting access is appropriate to mitigate this effect
whenever possible.
A.2.2. Microgravimetric Surveys
When the time sampling does not require continuous measurements, it is possible to cover a broader area
with the same instrument by revisiting with the right time interval a network of selected sites, using either
an absolute gravimeter or a relative gravimeter and a reference station where gravity is known.

Time lapse microgravimetry concerns gravity anomalies down to the 24-50 nm/s? level (Alnes et al.,
2008; Christiansen, Lund, et al.,, 2011; Thomas Jacob et al., 2010). Time lapse microgravimetry, also called
4-D, campaign or dynamic gravimetry, allows monitoring temporal variations by repeating the
microgravity measurements.

Microgravimetry requires caring about several aspects: as mentioned in

section A.1., a precise tidal model must be used and the atmospheric

pressure measured. It is advisable to avoid shocks and protect the gravi-

meter from the wind. The measurements must be performed on small
f ' networks (about 100 km?) such that the drift and calibration of the rela-
| tive gravimeter can be checked at a reference station within a few
hours. This is done by visiting each station at least twice within inde-
pendent loops (Allis et al.,, 2000; Debeglia & Dupont, 2002; Gettings
et al, 2008). As microgravimetry surveys are performed using a refer-
ence station, the best way to monitor the stability of the reference sta-
tion is by using an absolute gravimeter (Hinderer et al., 2016; Thomas
Jacob et al., 2010; Sugihara & Ishido, 2008). In that case, one refers to
hybrid gravity measurements (Sugihara & Ishido, 2008). In addition, a
superconducting gravimeter may further improve the measurements
(Hinderer et al,, 2016; Van Camp et al,, 2013). Finally, redundancy by
using two or three instruments could be a way to better assess the drift
and possible calibration changes and to eliminate tares that can appear
in recordings (Bonvalot et al., 2008; Sasagawa et al., 2003).

Figure A6. iGrav superconducting gravimeter inside its field enclosure. Credit: If absolute gravity is known at more than one station, it is not necessary

GWR Instruments, Inc.

to come back to only one reference point, and one can also control the
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Figure A7. The gravitational effect of a 13 year old, 45 kg boy sitting for 6 min above the superconducting gravimeter
iGrav#019 (Figure A4d) at the Rochefort station, Belgium. His navel is about 1 m above the sensor; the mass of the boy
induces a decrease in the gravity of 2.8 nm/s?. Credit: Royal Observatory of Belgium.

calibration of the spring gravimeters. The pyGrav package allows adjusting gravity networks and applying
tidal and barometric corrections (Hector & Hinderer, 2016).

A.2.3. Errors Affecting Relative Gravimeter Surveys

In addition to thermal and atmospheric pressure effects, spring gravimeters are subject to precision loss
caused by varying calibration factor and the design of the gravity survey.

First of all, remote earthquakes can perturb the measurements. This can be identified by watching the stan-
dard deviation of the measurements. To mitigate for these effects, one must wait for from a dozen minutes to
a few hours, depending on the magnitude of the event.

The calibration factor of spring gravimeters varies with time (Bonvalot et al., 1998; Deville, 2013; Francis &
Hendrickx, 2001) and must be controlled, for example, along calibration lines, which consist of several points
experiencing known gravity differences, established using an absolute instrument, sufficiently large to repre-
sent the whole range of variations experienced by the gravimeter.

The design of gravity survey influences the results, especially if one runs long distance, in a strong topogra-
phy. Given the large distances, spring gravimeters undergo shocks, changing magnetic field, pressure, tem-
perature, and strong gravity changes, which influence the drift and the calibration. Even running short
distances, the linearity of the drift is not granted (Ergintav et al., 2007; Francis & Hendrickx, 2001)
(Figure 4). Typically, a relaxation time, associated with a strong quadratic drift, is observed after moving
the gravimeter (Deville, 2013; Flury et al., 2007) (Figure A8). The duration of the relaxation and the intensity
of the drift depend on the type of displacement (e.g., gravimeter moved by car or on foot and shocks) and
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Figure A8. Relaxation of the CG5 spring gravimeter #40542, being displaced at different locations in the park around the
Royal Observatory of Belgium. This is similar to the behavior of the results reported by Flury et al. (2007) (CG3
gravimeter) and by Deville (2013, Figure 7.5, CG5 gravimeter).

VAN CAMP ET AL.

TIME-VARIABLE GRAVITY MEASUREMENTS 976



@AG U Reviews of Geophysics

10.1002/2017RG0O00566

200 —
o
[ ] 8
3
N
Ry N <
£ ¥ -
c ® o
® o
o T L I T J. o
cstlglg a7l
58§ Lly§eogglgs gt
B O © 2 © g X al o ® © &
- o S -0 b 8 o B s £
4+—N-0- L - J—H-L—F—-O0—-H-F-H—L #—5
N L S 3 X oy X g 0 - B 5
® = X © [ v oF W ) O @
x 0 O w 0 © Q@ 1 o 7
& o o Lo ]
e rd e B L
(O]
w

-200

Figure A9. (top) Intercomparison of absolute gravimeters at the University of
Luxembourg, November 2015. On the foreground a gPhone relative gravi-
meter for continuously monitoring gravity changes during the whole intercom-
parison campaign; (bottom) official results, redrafted from Palinkas et al. (2017).
The error bars represent the uncertainties at 95% confidence. FG5X is an FG5
gravimeter, both from Micro-g LaCoste, with redesigned dropping chamber
(extended free-fall length: 65% longer in distance, redesigned drive system);
IMGC: rise and fall gravimeter (D’Agostino et al., 2008); A10 is a portable absolute
gravimeter from Micro-g LaCoste (Dykowski et al., 2014). Photo credit: Royal

Observatory of Belgium.

are expected to vary from one instrument to another. Measuring for at
least 15 min at each station is a way to mitigate the uncertainties due
to the relaxation of the spring due to transport (Deville, 2013; Gettings

et al.,, 2008).

In the presence of a strong topography, the gravimeters are operated
in quite different pressure and calibration conditions, which induces
calibration errors (Atzbacher & Gerstenecker, 1993; Francis &
Hendrickx, 2001) and direct atmospheric effects if the seals are
damaged. Moreover, if a survey is repeated for several years, a Model
G LaCoste Romberg meter will gradually drift to where a different
portion of the micrometer adjusting screw is being used. This might
introduce errors due to the limited accuracy of the meter’s calibration.
In particular, the micrometer itself can bias the calibration factor, due to
irregularities in manufacturing the gear train and the measuring screw.
This causes periodic or circular errors, reaching 400 and 80 nm/s? for
model G and D LaCoste Romberg gravimeters (Valliant, 1991).
Modern spring gravimeters based on LaCoste Romberg sensors are
equipped with electronic feedback device, and cyclic errors are no
longer a problem provided the feedback range is not exceeded in

a survey.

Hence, it is paramount to check any correlation between observed
gravity changes and topography, which may support the hypothesis
that calibration errors and/or malfunctioning seals play a significant
role. Note that part of the reported gravity changes on three epochs
(A, B, and C) can be caused by only one poor campaign, as gravity
changes are measured by relative surveys, in other words, on gravity
differences. This is a problem similar to the ones faced when perform-
ing repeated levellings, which can be guessed when trends between
epochs A and B and epochs B and C look like reversal images
(Camelbeeck et al., 2002).

A.2.4. Errors Due To Offsets Between Absolu