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Knowledge of the spatio-temporal changes in the characteristics and distribution of
subsurface ﬂuids is key to properly addressing important societal issues, including:
sustainable management of energy resources (e.g., hydrocarbons and geothermal
energy), management of water resources, and assessment of hazard (e.g., volcanic
eruptions). Gravimetry is highly attractive because it can detect changes in subsurface
mass, thus providing a window into processes that involve deep ﬂuids. However, high
cost and operating features associated with current instrumentation seriously limits the
practical ﬁeld use of this geophysical method. The NEWTON-g project proposes a
radical change of paradigm for gravimetry through the development of a ﬁeldcompatible measuring system (the gravity imager), able to real-time monitor the
evolution of the subsurface mass changes. This system includes an array of lowcosts microelectromechanical systems-based relative gravimeters, anchored on an
absolute quantum gravimeter. It will provide imaging of gravity changes, associated with
variations in subsurface ﬂuid properties, with unparalleled spatio-temporal resolution.
During the ﬁnal ∼2 years of NEWTON-g, the gravity imager will be ﬁeld tested in the
summit of Mt. Etna volcano (Italy), where frequent gravity ﬂuctuations, easy access to
the active structures and the presence of a multiparameter monitoring system (including
traditional gravimeters) ensure an excellent natural laboratory for testing the new tools.
Insights from the gravity imager will be used to i) improve our knowledge of the causeeffect relationships between volcanic processes and gravity changes observable at the
surface and ii) develop strategies to best incorporate the gravity data into hazards
assessments and mitigation plans. A successful implementation of NEWTON-g will
open new doors for geophysical exploration.
Keywords: time gravity changes, gravimetry, gravimeter, volcano monitoring network, forward modelling of gravity
anomalies
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INTRODUCTION

results, especially when different types of gravimeters were
simultaneously employed (hybrid gravimetry; Hinderer et al.,
2016), continuous gravity measurements have been rarely
performed, owing to the fact that the available instruments are
not well suited for continuous measurements under harsh ﬁeld
conditions. In addition, the high cost of available gravimeters
limits deployment to, at most, a few sensors in a given area and
the achievable spatial resolution is not sufﬁcient to assess changes
over broad areas that may be subject to resource development or
magmatic activity.
The NEWTON-g project targets a technological breakthrough
and proposes a change of paradigm by developing a new gravity
measurement system, the gravity imager, that, once
demonstrated, could be adopted by researchers and
monitoring agencies in charge of studying subsurface ﬂuid
characteristics. The prototype of gravity imager will be ﬁeld
tested at Mt. Etna volcano and speciﬁc studies will be
accomplished to optimize its performance and understand
how the new information may be incorporated into early
warning systems, hazard reporting and crisis management plans.
In the following sections we present:

The dynamics of subsurface ﬂuids, like water, hydrocarbons, and
magma, is critically important for both resource management and
risk reduction. For example, measurement of subsurface water
level is important for developing usage plans and monitoring
resource health; the ability to detect mass changes induced by the
movement of magma batches is of utmost importance for risk
management. Gravity measurements can indicate subsurface
mass changes and can thus detect variations in the physical
state or migration of subsurface ﬂuids over time, even in the
absence of other direct (e.g., sampling by drilling) or indirect (e.g.,
ground deformation) observations.
Applications of gravity monitoring to subsurface ﬂuid
characterization are diverse; they include tracking groundwater
mass changes and assessing changes due to oil and gas
production, CO2 sequestration, and geothermal resource
characterization (e.g., Chapman et al., 2008; Gasperikova and
Hoversten, 2008; Sugihara and Ishido, 2008; Kennedy et al., 2014;
Hinderer et al., 2015a; Van Camp et al., 2016). Operational
gravity monitoring also offers a particularly important beneﬁt
to the ﬁeld of volcanology by affording a means of identifying
subsurface processes that are otherwise inaccessible. For instance,
both the intrusion of new magma and gas exsolution/bubble
growth within an existing magma chamber induce a pressure/
volume increase, leading to similar patterns of seismicity and
ground deformation. Nevertheless, the two processes may lead to
very different types of eruptive activity. The key factor to
discriminate between these processes is density, which can be
determined when gravity and deformation data are collected in
tandem. Without this knowledge, the mechanism of unrest at a
given volcano may not be known. Another question that may
have to be addressed is the following: is magma driving changes
observed at the surface, or are hydrothermally heated waters the
cause? The answer to this question has vastly different
implications for volcanic hazards assessment. Battaglia et al.
(1999) used gravity and deformation data to determine that
seismicity and surface uplift at Long Valley caldera in
California were driven by accumulation of magma, and not
water—information that was vital to the development of plans
for monitoring and responding to future activity in the region.
Under some circumstances, density (mass) changes may
represent the only parameter that can be used to identify
subsurface magmatic processes, for example, when rising
magma ﬁlls pre-existing open space (networks of fractures),
which would cause a gravity increase but may not be
associated with any deformation or seismicity (e.g., Rymer
et al., 1993; Bagnardi et al., 2014).
Given the unique insights into subsurface ﬂuids provided by
gravity, the technique has exceptional utility for characterizing
the hazard potential at a given volcano. Incorporation of gravity
data into hazards assessments and mitigation plans can provide
critical short-term warning of impending changes in the state of
activity.
Despite the above, gravimetry is currently underexploited.
Indeed, while time-lapse measurements have been
accomplished at a number of sites and provided high quality
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- the background and broad objectives of NEWTON-g (The
NEWTON-g Project).
- an insight into the new measurement system under
development and plans for the ﬁeld test at Mt. Etna
volcano (The NEWTON-g Gravity Imager).
- the plans for utilization of NEWTON-g data to both increase
the knowledge of volcano-related gravity change and deﬁne
new risk mitigation strategies (Forward Modeling of Volcano
Processes and Potential for Risk Mitigation).
- a discussion on the implications of achieving the objectives
of the project (Summary and Conclusive Remarks).

THE NEWTON-g PROJECT
The magnitude of measurable time-varying gravity changes due
to volcanic activity is between a few and a few hundred µGal
(1 µGal  10−8 m s−2)—between one part in 106 and one part in
108 of the standard gravity on Earth (g  9.8 m s−2). The highprecision gravimeters used to detect such small signals come in
two varieties: relative and absolute (Figure 1). Relative
gravimeters measure spatial differences in the gravity ﬁeld
between pairs of stations, or temporal differences at a single
point with respect to the gravity value at an arbitrary starting
time. Conversely, absolute gravimeters measure the actual value
of the gravity acceleration at the observation point (Torge, 1989).
Spring-based relative gravimeters are the most widely used for
geophysical applications. They measure the change in the
equilibrium position of a proof mass suspended from a spring,
resulting from a change in the gravity ﬁeld (Nabighian et al.,
2005). Superconducting gravimeters (SGs; Hinderer et al., 2015b)
offer an alternative to spring-based instruments, although they
still provide relative measurements and can only be used for
continuous measurements at a given site, since they are difﬁcult
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FIGURE 1 | Some land gravimeters currently available on the market. On the left, relative gravimeters of the spring and superconducting type. On the right, free fall
absolute gravimeters.

to transport and setup. Instead of a mechanical spring, SGs
exploit the magnetic levitation of a superconducting sphere in
a ﬁeld of superconducting persistent coils. SGs provide much
better quality data than spring instruments (Carbone et al., 2019),
but they have high power requirements and occupy a large
physical footprint; therefore, they are not well suited for ﬁeld
deployments.
State of the art absolute gravimeters exploit the free-fall of
macroscopic test masses. Transportable free-fall absolute
gravimeters (FFAGs) employ a laser interferometer to precisely
monitor the free-fall trajectory of the test mass. FFAGs are, in
general, not well-suited for ﬁeld use in harsh conditions, because
of their large size and high power requirement. The only
exception is the A-10 by Micro-g/LaCoste, which is optimized
for fast data acquisition under ﬁeld conditions, at the cost of
worse accuracy and precision. No standard FFAG can record
gravity data continuously for extended intervals (Van Camp et al.,
2017). Recently, a new generation of absolute quantum
gravimeters (AQGs) has been developed, which now shows to
meet the state of the art in terms of measurement performances
(Ménoret et al., 2018).
All of the gravimeters described above come at very high costs,
ranging between about US$100,000 and US$500,000. High
maintenance costs are also important considerations for SGs
and FFAGs. No new methods for measuring gravity have been
introduced for nearly ﬁve decades, so all existing gravimeters are
based on older technologies and principles.
Given the current state of the art, it is clear that the
development of new instruments represents a fundamental
step that can move gravimetry from a niche ﬁeld into a
cornerstone resource for geophysical monitoring and research.
The NEWTON-g (new tools for terrain gravimetry) project
(www.newton-g.eu) has received funding from the EC’s Horizon
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2020 program, under the FETOPEN-2016/2017 call (Grant
Agreement No 801221). It aims to overcome the limitations
imposed by current instrumentation through the development
of a ﬁeld-compatible system for gravity measurements. In the
framework of NEWTON-g, two complementary technologies will
be adopted: microelectromechanical systems (MEMS) and lasercooled atoms (quantum technology).
During the last ∼2 years of the project, the new
measurement system will be ﬁeld-tested at Mt. Etna volcano
(Italy), where, due to persistent volcanic activity, measurable
volcano-related gravity changes often develop, over different
time scales. The volcano has also been well studied and is the
site of a comprehensive existing monitoring infrastructure
(www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/
mappa-stazioni-ingv-oe), including some continuous relative
gravity stations. Furthermore, the active crater zone of Mt.
Etna can be reached by car by authorized personnel. This
combination of factors provides a unique and attractive
natural laboratory for testing and benchmarking the new
gravity instruments.
Insights from the gravity imager will be used for volcanic
hazards analysis, to demonstrate the importance of gravimetry to
problems of societal relevance.

THE NEWTON-g GRAVITY IMAGER
The main objective of the NEWTON-g project is to shift the
paradigm of continuous gravimetry. Whereas only point
measurements have been performed up to date, we aim at
the development of a coherent array of gravity sensors, namely,
a gravity imager. Similarly to a camera in optics, the gravity
imager will simultaneously and continuously measure the
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Development of a Microelectromechanical
Systems Gravimeter Under NEWTON-g
Principle of Operation of the MEMS Gravimeter
The NEWTON-g MEMS gravimeter exploits a novel
technology that has been developed at the University of
Glasgow (Middlemiss et al., 2016; Middlemiss et al., 2017).
The device comprises a 240 µm thick layer of 〈100〉 crystal
structure silicon, where a proof mass is suspended from four
ﬂexures (Figure 2). This layout allows for low resonant
frequencies (<10 Hz) of the proof mass by creating a system
that is known as a “geometrical anti-spring” (Middlemiss et al.,
2016). The same concept has been previously utilized in the
ﬁeld of gravitational waves (Bertolini et al., 2004), to provide
low frequency passive isolation from seismic noise, and as a
novel technology to develop seismic sensors for applications in
the oil and gas industry (Boom et al., 2017).
The MEMS gravimeter works by measuring the
displacement of the proof mass over time. The displacement
of the proof mass can, in turn, be used to measure the
acceleration experienced by the sensor, since a constant
relationship exists between the displacement and
acceleration of a mass on a spring, when measured below
the resonant frequency of the oscillator. A capacitive sensing
technique is utilized to measure the displacement (Figure 3). A
set of interdigitated metal “drive” combs are patterned onto
the Silicon proof-mass. A glass layer with a complementary set
of “pick-up” combs is bonded to the Silicon layer with the
spacers providing a gap of <30 µm between the two layers.
Displacement of the proof mass results in a relative capacitive
change between the drive and the pickup combs. A digital lockin technique is employed to extract a direct current (DC)
output proportional to the displacement of the proof mass.

FIGURE 2 | The microelectromechanical systems gravimeter silicon
layer (32.8 mm × 18.3 mm) in its ceramic-lead hybrid package (40.6 mm ×
23.1 mm).

gravity ﬁeld at several points, thus allowing to follow the
temporal changes due to geophysical processes with
unparalleled spatio-temporal resolution.
The gravity imager consists of an array of MEMS-based
relative gravimeters, serving as “pixels,” and a quantum
gravimeter, serving as the absolute reference. The MEMS
and cold atom approaches are complementary. MEMS
technology allows the production of relative gravimeters
much lighter and less expensive than currently available
devices, thus allowing the deployment of extended arrays of
continuously recording sensors, but with a lower sensitivity to
gravity variations over time. A cold-atom gravimeter for use in
harsh ﬁeld conditions offers the possibility to continuously
measure the absolute value of the gravity acceleration with a
sensitivity and a stability at the µGal level, at a high rate, and
over long time intervals (several years), but needs more power
than MEMS devices and is more expensive. The joint
exploitation of both technologies allows to attain the
desired measurement sensitivity and spatio-temporal
resolution.
If the AQG is installed at a site close to the summit active
craters, where the strongest volcano-related gravity changes
often develop, it will capture most of the meaningful
anomalies, thus allowing to directly distinguish, in the time
series produced by the MEMS devices, local and/or
instrumental features from gravity changes of interest.
Furthermore, if a peripheral gravity change occurs that is
sensed by a cluster of MEMS gravimeters, but does not
affect the quantum gravimeter (e.g., mass change due to an
eccentric dike intrusion), the latter will be moved to the area
where the change has been detected to perform absolute
measurement and check, through comparison with the
values acquired when the array was ﬁrst installed, the
characteristics of the eccentric anomaly. The quantum
gravimeter will be then returned to its installation site,
where the absolute continuous time series could be restarted
without the need to apply any compensating corrections.

Frontiers in Earth Science | www.frontiersin.org

Temperature Stabilization
The silicon layer is extremely temperature sensitive. An example
of this is the change in Young’s modulus of the ﬂexures due to

FIGURE 3 | Schematic of microelectromechanical systems gravimeter
showing the three-layer structure of the device.
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designed to house the MEMS gravimeter. The MEMS device is
ﬁrstly sealed within a lead-ceramic hybrid package; an off-theshelf component ensures that a constant pressure is
maintained around the MEMS gravimeter (mitigating
spurious signals relating to buoyancy). The package also
provides a layer of thermal shielding against external
temperature variations. The package can be sealed with
either noble gasses or with a vacuum to aid the thermal
protection to the MEMS gravimeter.
This package is then installed into the ﬁrst of two thermal
enclosures (Figure 4). These enclosures are surrounded with
polyisocyanurate, which has a thermal conductive property
of 0.022 W/mK. This nested conﬁguration provides a
signiﬁcant level of passive isolation from the outside
world, but active control is still required to meet the
thermal stability target of 0.2 mK. Active thermal control
of the two enclosures is achieved with a Proportional-Integral
Differential closed loop heater control system utilizing
temperature sensors and heaters. The temperature sensors
are in a 4-wire measurement conﬁguration. This technique
allows for the cancellation of resistance of the wires. The
thermal enclosure then sits on a leveling platform, which
itself sits on a circular aluminum base leveling platform
(Figure 5).

FIGURE 4 | Nested layout of the thermal enclosure used in the
microelectromechanical systems gravimeter. The outer and inner foam
enclosures have dimensions of 140 mm × 110 mm and 110 mm × 85 mm,
respectively. The outer and inner metal boxes have dimensions of
114 mm × 87 mm and 80 mm × 55 mm, respectively.

Electronics and External Enclosure
An embedded system with analogue signal conditioning
electronics for the MEMS gravimeter was designed at the
University of Glasgow. Its heart is a system-on-chip from
the Zynq-family, hosting a Field Programmable Gate Array
and a processor. The system includes electronics for signal

temperature, and thus the possibility of a false signal that may be
interpreted as a real signal as the proof mass moves. This
means that temperature of the MEMS gravimeter has to be
controlled to the order of 0.2 mK, to allow a sensitivity of
10 µGal (Prasad et al., 2018). To do so, a bespoke enclosure was

FIGURE 5 | Three-dimensional rendering of the microelectromechanical systems gravimeter enclosure. The diameter and height (including the top handle) of the
enclosure are, respectively, about 25 and 22 cm.
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Development of a Quantum Gravimeter
Under NEWTON-g

conditioning for the MEMS displacement readout and
electronics for temperature monitoring and control. The
system operates autonomously and processes multiple data
streams simultaneously.
The capacitance change caused by the displacement of the
proof-mass is measured using a digital lock-in technique. Using a
digital servo routine and dedicated analogue components, an
amplitude stabilized pair of differential sinusoidal drive signals
are generated from a digital reference signal at 40 kHz. These
signals drive the capacitive combs on the proof-mass and are
picked-up by the combs on the glass layer with a net induced
current as an output. Any change in the displacement affects the
capacitance between the two-layers, thereby causing the
amplitude of the output current to change. A transimpedance
ampliﬁer, buffered with a junction ﬁeld effect transistor (JFET),
converts the current signal into a voltage which is then sampled at
1 MHz by an 18-bit analog-to-digital converter. The sampled
signal is demodulated with the reference signal in the digital
domain. This operation results in a DC component which is
proportional to the amplitude of the reference signal and the
MEMS displacement. The readout noise of the latest iteration of
the electronics helps to achieve a displacement sensitivity of
<50 pm and an acceleration sensitivity of <10 μGal for a
7.3 Hz device.
Besides the discussed capacitive and temperature readout
and control, the embedded system also reads two commercial
electrolytic tilt sensors, attached in an X-Y conﬁguration to
the mechanical enclosure’s base plate. This allows for tilt
monitoring of the ground over time and for correcting the
gravity measurements for apparent changes driven by tilt of
the instrument (Riccardi et al., 2009). Furthermore, the tilt of
the MEMS device can be compensated for by adjusting the
level of the MEMS mounting bracket through stepper
motors.
All of the device’s electronics can be powered through either a
mains connected power supply or through a 12 V portable battery
pack, such as in the ﬁeld conﬁguration designed for the
applications under NEWTON-g (see Field Implementation at
Mt. Etna). The power drawn from the MEMS device is about 5 W
for nominal operation. The tilt adjustment operation, which
requires energizing stepper-motors, draws a higher current
which can lead to a peak power demand of 18–24 W for short
durations (∼5 mins every day/few days).
Both the embedded system and the thermal enclosure, are
housed within a 2-part moulded shell with communication
ports at the top, which attaches to the circular aluminum base
(Figure 5).
A portable system with the optical shadow-sensor based
readout has previously shown a sensitivity of ∼8 µGal/rt (Hz)
(Prasad et al., 2018). However, in the most recent iteration, the
larger shadow-sensor readout has been replaced with a more
compact capacitive displacement readout. The new system has
already demonstrated a short-term sensitivity of 6–7 µGal/rt (Hz)
(Prasad et al., 2020). The capacitive MEMS gravimeter has been
speciﬁcally designed to meet the size, weight, and sensitivity
requirements of NEWTON-g and will permit the deployment
of the gravity imager on Mt Etna.

Frontiers in Earth Science | www.frontiersin.org

Principle of Operation of the Quantum Device
The AQG that is being developed by Muquans in the frame of
NEWTON-g will be installed on the summit area of the Mt. Etna
volcano, and used as a continuous absolute gravity reference for
the gravity imager. The AQG is particularly relevant in this
context because it is transportable, straightforward to install,
and suitable for use in the ﬁeld. Its targeted performances are
a sensitivity of ∼50 µGal/√t, i.e., 1 µGal after ∼45 min of
integration in quiet places and ∼150 µGal/√t (i.e., 1 µGal after
∼6 h of integration to account for the effect of the volcanic
tremor), a long-term stability of 1 µGal with a station-tostation repeatability of 2 µGal and an accuracy better than
15 µGal, making it fully compatible with the scientiﬁc
objectives of the project. To the best of our knowledge, it is
the only technology able to provide continuous drift-free absolute
measurement of g over periods of years.
The AQG relies on matter-wave interferometry with lasercooled atoms (Bordé 1989; Kasevich and Chu, 1991; Kasevich and
Chu, 1992). This technique has shown its capability to perform
continuous absolute gravity measurements with performances at
the level of 1 µGal in laboratory environments (Hu et al., 2013;
Gillot et al., 2014). Moreover, several demonstrations have been
made with mobile devices over the last few years (Farah et al.,
2014; Freier et al., 2016; Bidel et al., 2018; Huang et al., 2019; Wu
et al., 2019). Based on these results, Muquans has pushed the
technology further and developed an instrument with industrial
standards, capable of meeting the requirements of long-term ﬁeld
applications (Ménoret et al., 2018). Several technical innovations
have made this possible, in particular in the design of the laser
system, sensor head architecture and vibration compensation. In
the frame of NEWTON-g, a novel outdoor version has been
developed, able to operate in the demanding conditions of the
summit area of Mt. Etna.
The basic principle of the AQG is similar to classical absolute
free fall gravimeters (Niebauer et al., 1995): a vertical reference
laser beam probes the acceleration experienced by a test mass in
free-fall under vacuum. However, instead of using a mirror, as in
free-falling corner cube gravimeters, the gravity measurement is
performed with falling laser-cooled atoms. This technique is one
of the ballistic freefall methods proclaimed by the Bureau
International des Poids et Mesures as an ofﬁcial primary
method for the measurement of gravity, and offers several
advantages both in terms of absolute performance (the atoms
are very fundamental objects whose properties are very well
understood) and instrument operation (with no moving
mechanical parts under vacuum, atomic instruments are well
suited to continuous absolute measurements).
A gravity measurement with the AQG consists in a sequence
of three steps, repeated at a rate of approximately 2 Hz (Figure 6).
The measurement principle of the AQG has been described in
detail in (Ménoret et al., 2018; main text and supplementary
material). In the ﬁrst step, the test mass is built-up by cooling
down and trapping a cloud of Rubidium atoms with lasers inside
an ultra-high vacuum chamber. At the end of this operation, the
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FIGURE 6 | Illustration of a typical measurement sequence with the absolute quantum gravimeter. 1. Atoms are trapped and laser-cooled inside a hollow pyramidal
reﬂector located at the top of the vacuum chamber. 2. Laser is turned off, and the atoms are in free-fall. 3. Raman laser pulses are used to measure the acceleration of the
atoms with respect to the vacuum chamber. At the output of this matter-wave interferometer, the acceleration is encoded on the atomic populations of two quantum
states. 4. Fluorescence detection is used to readout the number of atoms in each quantum state and derive the value of acceleration.

atoms have a temperature of 2 µK. Then, all laser beams are
turned off so that the cloud of cold atoms experiences a perfect
free-fall for approximately 10 cm. During the second step, the
vertical acceleration undergone by the atoms as they fall is
precisely characterized. This is done by illuminating the atoms
with a series of three counter-propagating laser pulses. This
measurement, based on stimulated Raman transitions, is
described by quantum mechanics as a matter-wave
interferometer, whose phase depends on acceleration. At the
output of the interferometer, the acceleration information is
encoded on the internal state of the atoms (Bordé, 1989). In
the third step, the measurement readout is performed by
collecting ﬂuorescence from the atoms on a set of
photodiodes, to measure the number of atoms in each internal
state. Finally, the frequency of the interferometry laser is servolocked on the measurement readout in order to track temporal
variations of the absolute value of gravity, for example, due to
tidal or geophysical effects.

cool and manipulate the atoms (Ménoret et al., 2011; Lévèque
et al., 2014; Theron et al., 2015; Caldani et al., 2019; Sabulsky et al.,
2020). This means that the laser system is completely ﬁbered, and
intrinsically very compact and immune to external perturbations,
while ensuring a high level of performance. Second, the atoms are
trapped inside a hollow pyramidal reﬂector, which drastically
simpliﬁes the optical architecture and allows all the cooling,
Raman and detection functions to be performed with a single
laser beam, while up to 10 are necessary in more traditional
conﬁgurations (Bodart et al., 2010). Third, we have implemented
a real-time compensation of ground vibrations by using a classical
accelerometer attached to the top of the sensor head (Merlet et al.,
2009; Lautier et al., 2014; Ménoret et al., 2018). Finally, we have
ﬁtted the sensor head with two high-precision tiltmeters
(precision better than 10 μrad) and a barometer (accuracy
better than 1 hPa). When the AQG measures, tilt is
continuously monitored, so that the gravity signal can be
corrected for the effect of any deviation from verticality.
Similarly, atmospheric pressure variations are recorded and
their effect can be also removed from the gravity output
(Merriam, 1992).
In the framework of NEWTON-g, the ﬁeld version of the
AQG, the AQG-B, will endure harsh environmental conditions
(Carbone et al., 2017) which have been anticipated in the design
phase of the device by adding several improvements to the
laboratory version. We have reduced size, weight and power
consumption, increased robustness to external temperature
ﬂuctuations and preserved a high degree of automation and
simplicity for the end user, together with a low level of
maintenance.

Design of the Field Quantum Device
A ﬁrst version of the AQG has been developed and successfully
tested in controlled environments (Ménoret et al., 2018). It
consists of two main elements: a module containing the laser
and control systems, and a sensor head containing the vacuum
chamber, where the gravity measurement is actually performed.
These two modules are linked by a 5-m optical ﬁber and a set of
cables. Building this laboratory instrument with industrial
standards already required several technological innovations,
which have been enhanced to allow ﬁeld operation on Mt.
Etna. First, frequency-doubled telecom lasers are employed to
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FIGURE 7 | Field version of the AQG (AQG-B) in operation conﬁguration. 1- Power supply unit. 2- Laser system. 3- Air-conditioning unit. This module can be
separated from the laser system during transport. 4- Sensor head. Four cables and an optical ﬁber connect the sensor head to the rest of the system, with a maximum
separation of 15 m.

On the summit zone of Mt. Etna, measurement sites will be
difﬁcult to access. To meet this constraint, the AQG-B is designed
for easy transportation and manipulation. The device is
composed of four modules: the power supply unit, the laser
system and its air-conditioning unit, and the sensor head
where the gravity measurements are performed (Figure 7).
The weight of each module has been kept below 40 kg, so that
they can be conveniently manipulated by two people. The
number of connectors has been reduced and optimized to
enable easy installation and to avoid possible misconnections.
Finally, the sensor head can be moved within a 15 m radius
without powering off the device. These features allow for a fast
installation, in particular because no optical alignment is needed.
Furthermore, the user software of the AQG-B features a high level
of automatization and therefore the device is highly autonomous
in case of problems. If support is still necessary on sites that are
not accessible during winter, the AQG-B can be accessed and
controlled remotely.
Temperature measurements on Mt. Etna show that the AQGB will endure strong temperature ﬂuctuations. Indeed, the AQGB is designed to provide a useful signal for the gravity imager over
the range [0–40°C]. An air-conditioning module is attached to the
back of the laser system, aimed at maintaining its internal
temperature at 35°C. In the sensor head, heating mats are
installed to keep the internal operating temperature constant,
regardless of the external temperature. An insulating cover for the
sensor head is available to increase insulation when the external
temperature is low thereby reducing power consumption. Under
these operating conditions, the total power consumption of the
AQG-B is below 500 W, making it compatible with operation
under battery power.
Gravimeters, in particular high-precision absolute devices
such as the AQG, are highly sensitive to ground vibrations,
which can strongly deteriorate their performance. The
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sensitivity of these sensors is such that the ambient microseismic noise is often more than hundred times bigger than
the geophysical effects of interest, even in the most remote
and unpopulated areas of the world. On an active volcano,
where seismic activity may be signiﬁcant, this effect is even
more important. Ground vibrations are transmitted to the
retro-reﬂecting mirror, which is the mechanical reference of
the atomic interferometer. As a result, ground vibrations make
the mirror shake, thus adding a strong high-frequency
contribution to the signal of interest. It is therefore necessary
to address this source of noise. Originally, quantum gravimeters
were placed on mechanical isolation platforms used to ﬁlter out
ground vibration noise (Hu et al., 2013; Farah et al., 2014; Freier
et al., 2016). This method works well in the laboratory, but is not
suited to ﬁeld operation because of its complexity and sensitivity
to parameters such as temperature ﬂuctuations. Therefore, on our
AQG-B a high-performance classical accelerometer is attached to
the top of the vacuum ﬂange that supports the pyramidal
reﬂector. This mechanical structure is very rigid by design, so
that the recorded signal is not distorted by resonances or
deﬂections. This accelerometer has a useful bandwidth of
[0.05–420 Hz]. It records the ground vibrations seen by the
mirror during the free-fall, and the software calculates in real
time their impact on the atomic interferometer. This effect is
compensated by changing the phase of the Raman laser before the
third pulse of the interferometer (Lautier et al., 2014; Ménoret
et al., 2018). As a result, we have a means to pre-compensate for
the inﬂuence of ground vibration, drop by drop (Figure 8).

Laboratory Evaluation of the Quantum Device
Time series of absolute gravity measurements, acquired in the
facilities of Muquans (Ménoret et al., 2018), show that the ﬁeld
AQG-B meets the speciﬁcations in terms of sensitivity and longterm stability in an urban environment.
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FIGURE 8 | Real-time compensation of ground-vibrations on the absolute quantum gravimeter. Left: without classical accelerometer, ground vibrations would
directly affect the gravity measurement. Right: A classical accelerometer is attached to the top of the sensor head. Its signal is processed in real-time in order to provide a
feedback on the lasers, and remove vibrations from the gravity measurement.

Field Infrastructures for the MEMS Devices
Most MEMS devices in the gravity imager will be installed at
sites where no previous facility exists. Hence, a complete ﬁeld
infrastructure (MEMS station) has been designed, ensuring
full protection and functionality of the MEMS gravimeters
against severe ﬁeld conditions (Figure 10). Besides robustness,
another principle that drove the design of the ﬁeld
infrastructures for the MEMS devices is the use of low-cost,
low-power and small-scale electronics components (Internet
of Things fashion). It is indeed the same challenge faced in the
development of the MEMS gravimeters themselves: to produce
low-cost and low-power devices, relying on integrated
microsystems.
Each MEMS station is powered through a 200 W photovoltaic
panel, coupled with a 90Ah buffering accumulator. The solar
panel is mounted on a foldable galvanized-steel structure,
allowing to choose the tilt angle of the panel individually at
each installation site, while also facilitating transport of the
structure (and storage before installation). Its relatively heavy
weight (about 70 kg) may pose a one-off challenge at locations
where the installation site is not close to the road and must be
reached on foot. Nevertheless, it makes the installation more able
to withstand strong winds.
Data from the MEMS gravimeter and from complementary
sensors measuring environmental parameters (ambient
temperature and humidity, atmospheric pressure, soil
moisture) are acquired through a Raspberry PI 3 Model B+.
The latter is a low-power single-board computer which runs
Raspbian OS (Linux), while self-written Python routines are
used for data collection and logging. An ATmega328PB
microcontroller is used for analog-to-digital conversion of
the signal from voltage and current sensors and for handling
the SDI-12 communication with the soil moisture probes. Data
acquired by the ATmega microcontroller are sent to the
Raspberry PI for ﬁnal logging.

The sensitivity and the stability of the AQG-B in the time
domain is evaluated through the Allan deviation (Figure 9),
allowing a representation of the stability evolution with the
averaging time (Allan, 1966). The sensitivity obtained is
71 µGal/√t and the long-term stability is around 1 µGal. In
other words, for an averaging time longer than a few hours,
the stability of the measurement is at the level of 1 µGal or lower.
To conclude, the development and implementation of several
innovations makes the AQG-B suitable for the applications under
NEWTON-g and for operation under the harsh environmental
conditions at the summit of Mt. Etna.

Field Implementation at Mt. Etna
To check its performance, the gravity imager will be deployed at the
summit of Mt. Etna volcano (mostly at elevations between ∼2,000
and 3,000 m), during the ﬁnal ∼2 years of the project. Mt. Etna
provides an attractive, but challenging, option for benchmarking
the new gravity instruments. Indeed, measurable gravity changes
often develop, especially at sites close to the summit active craters,
due to the underground ﬂuid dynamics that sustains the persistent
activity of the volcano (Gilbert and Lane, 2008). It will thus be
possible to check the ability of the gravity imager to provide
insights into the characteristics of gravity changes occurring
over different time and space scales. Furthermore, the 30-year
history of conventional gravity measurements at Mt. Etna
(Carbone et al., 2017 and references therein) and the existing
multi-parameter monitoring system of the volcano, including a
mini-array of three SGs (Carbone et al., 2019), will provide context
for the NEWTON-g deployment and will aid in the interpretation
of the observed gravity signals. Nevertheless, harsh environmental
conditions at the summit of Mt. Etna (snow and ice during winter,
strong wind, lack of mains electricity, presence of corrosive gases)
imply that care must be taken in designing the ﬁeld infrastructures
aimed to i) protect and power the gravity sensors and ii) acquire,
store and transmit the data to the main collector host.
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FIGURE 9 | Results from a 1-week continuous gravity measurement in Talence, France, in April 2020. Left: Allan deviation of gravity residuals. Sensitivity is 71 µGal/√t
and stability over averaging times longer than 104 s is below 1 µGal. Top right: raw measurements, averaged over 1 h (black dots), 6 h (red dots) and the local tide model
(solid line). Bottom right: gravity residuals after correction for tidal effects and atmospheric pressure. Standard deviation for a 1 h (6 h) averaging time is 1.9 µGal (1.0 µGal).

Off-Grid Power System for the AQG-B
Two possible sites on Mt. Etna were considered for the
installation of the AQG-B: the Serra La Nave Astrophysical
Observatory (SLN; southern slope of the volcano; 1,730 m
elevation) and the Pizzi Deneri Volcanological Observatory
(PDN; northern slope of Mt. Etna; 2,800 m elevation). At SLN
mains electricity is available and the installation of the quantum
gravimeter would not pose signiﬁcant challenges. Nevertheless,
this site is relatively far from the active summit craters of Mt. Etna
(∼6.5 km), hence only minor gravity changes are expected to
develop in response to most volcanic processes. Furthermore, a
SG has acquired continuous data at this site since 2014 (iGrav#16;
Carbone et al., 2019), implying that having the quantum
gravimeter operating at this site would provide partially
redundant information.
PDN is much closer to the summit of Mt. Etna (∼2.7 km) than
SLN and measurable gravity changes are expected to occur at this
site, due to volcano-driven mass redistribution in the shallow
plumbing system of Mt. Etna (Carbone et al., 2015). Continuous
gravity measurements were accomplished at PDN using spring
gravimeters and provided important results (Carbone et al.,
2003), thus proving the strategic position of this site from the
point of view of volcano monitoring through gravimetry.
Currently, no continuous gravity observations are carried out
at PDN and installation of the AQG-B at this site would thus
provide unique and valuable data. Nevertheless, mains electricity

From each installation site on Mt. Etna, data are transmitted
through the LTE cellular network to the remote collection host in
Catania (Linux virtual machine). The latter manages data
synchronization with all the remote MEMS stations. Cellular
technology is preferred over other options (e.g., Wi-Fi network),
since, provided that there is sufﬁcient cellular coverage (as in
most sites on the summit of Mt. Etna), it allows a bidirectional
data transfer from/to any point in the array, without the burden
of establishing a transmission infrastructure of point-topoint links.
Two waterproof (IP67 standard) cases are employed to house
i) the electronics and battery and ii) the MEMS gravimeter
(electronics case and sensor box, respectively, in Figure 10).
The MEMS sensor will be installed directly on a concrete layer
poured on the base rock, with the sensor box also anchored to the
concrete layer, but decoupled from the gravimeter, to prevent
transmission of vibrations of the housing to the sensor
(Figure 10). Watertight, heavy-duty connectors and cable are
used to route power and signals between the two cases. Particular
care is taken to ensure that campaign measurements can be
performed with the AQG-B at close distance from each
installation site of the MEMS stations. At sites where this is
not possible, an easily portable spring gravimeter will be used to
connect to the reference site, i.e., the site where the AQG-B is
quasi-permanently
installed
to
perform
continuous
measurements.
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FIGURE 10 | Scheme showing the conﬁguration of the typical microelectromechanical systems station in the ﬁeld. The main elements of the installation are: i) the
foldable steel structure holding the solar panel; ii) the electronics case that contains the acquisition system, the router, the battery and the solar charge controller; iii) the
sensor box, hosting the gravity sensor. Inset A: detail of the electronics case showing the devices it contains. Connectors on the right route signal (blue lines) and/or
power (red lines) to or from: 1 - router antenna; 2 - gravimeter; 3 - soil moisture probes; 4 - solar panel. Inset B: cross-section across the sensor box. Where
possible, the sensor box will be covered with ash, to improve overall thermal insulation.

is not available at PDN, implying that an off-grid power supply
system must be installed to allow continuous operation of the
quantum gravimeter. The AQG-B runs on 220 V alternate
current (AC) and requires about 500 W of power. Several offgrid power solutions have been considered to fulﬁll the power
requirements of the quantum gravimeter, including wind
generators, solar panels, fuel cells and a diesel generator.
Wind speed on Mt. Etna can be extreme and a wind turbine
is not considered a good option, as it could easily get damaged.
Solar panels are only effective during daylight hours of bright
sunshine and may be ineffective due to clouds and ash cover.
Moreover, in winter, snow and ice may completely cover the
panels’ surface. Because solar power is unreliable on its own, it
is not a good candidate for sole use. However, it can contribute
to a combined power system. A hybrid solution with solar
panels and methanol fuel cells would have a too high total cost
and would be difﬁcult to maintain, since about six 60-L
methanol tanks would be needed to power the gravimeter
for roughly 30 days (without solar energy).
The most reliable and affordable off-grid solution to power the
quantum gravimeter at PDN is a hybrid system, including solar
panels and a diesel generator. This system includes a lithium
battery unit (a total of about 9 KWh at 48 V) to store the power
generated by the two sources. Besides power sources and
accumulators, the hybrid off-grid system is equipped with a
solar charge controller and a central management unit. The
former handles the current produced by the solar panels,
making the ﬂow available to the central management unit.
The latter works as a grid manager, ensuring proper storage of
the energy in the accumulators and a continuous power supply to
the connected AC load (the AQG-B gravimeter). It also switches
the powering/charging source between solar panels and diesel
generator, depending on the solar power available at a certain
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time. The dimensioning of the various components of the hybrid
off-grid system depends on the trade-off between the following
factors: i) the need to minimize the average working time of the
diesel generator, in order to reduce diesel consumption; ii) the
available surface area for solar panels in the facilities of the PDN
observatory, which constraints the number of photovoltaic
modules one can install; iii) the need to supply continuous
and uninterrupted power supply to the quantum gravimeter.
The ﬁnal conﬁguration includes a maximum of 10 350 Wp solar
panels and a 5 KVA diesel power generator.

Data Management
From the collector host at the Istituto Nazionale di Geoﬁsica e
Vulcanologia (Sezione di Catania - Osservatorio Etneo), the data
produced by the NEWTON-g gravity imager will be copied over to
the ORFEUS Data Center (ODC), hosted at the Royal Netherlands
Meteorological Institute (KNMI). The ODC is a FAIR-aligned (i.e.,
allowing ﬁndability, accessibility, interoperability, and reusability
of the data) and well-established repository for seismo-acoustic
waveform data, operating since 1988. This archive will serve as a
back-up and a tool to curate and distribute the gravity data. The
data ﬁles stored at ODC will be modiﬁed to leverage seismological
mSEED and StationXML standards, thus ensuring compatibility
with the operational data center infrastructure. Seismological
standards were proven to be robust and are compatible with
existing software packages for data processing (e.g., Beyreuther
et al., 2010; Heimann et al., 2017).
Data from the gravity imager will be restricted under an
embargo until the project is completed (2022), after which the
data will be publicly accessible and distributed through the ODC.
Data will be made discoverable through a metadata catalog (Trani
et al., 2017) and it will be possible to access them via Federation of
Digital Seismograph Networks Application Programming
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Interface. These services allow the user to easily obtain the subset
of data that match his requirements.
Within the European Plate Observing System, the ODC shares
responsibility for the distribution of raw seismological waveform
data. The intent is to make seismic data discoverable through the
European Plate Observing System portal and interoperable with
other geoscientiﬁc disciplines, including the ﬁeld of volcanology
This implies that by leveraging the operational services of ODC,
the NEWTON-g gravity data will be automatically integrated
with larger European research data infrastructures, making it
ﬁndable and accessible to all communities.

method (Nikkhoo et al., 2020). The following assumptions and
constraints are involved in the optimization procedure: 1) the
assumed gravity changes are due exclusively to bulk mass changes
(i.e., we assume that they are already corrected for deformation
and hydrological effects); 2) the ﬁve potential sources of mass
change (Figure 12) are approximated as point masses and may
only become active one at a time; 3) the two SGs of Mt. Etna’s
monitoring network at higher elevation (MNT and SLN stations)
and the AQG-B (at PDN station) are considered as ﬁxed points
(Figures 12, 13) in the network optimization and resolutions of 1
and 5 µGal, respectively, are assumed; 4) up to 30 MEMS devices,
with assumed resolution of 10 µGal, constitute the “optimizable”
part of the network; 5) due to logistic issues, the MEMS stations
are constrained to be within 200 m of the Summit and Forestale
roads and they are not allowed to fall in the Valle del Bove area
(Figure 13).
The cost function of the optimization is deﬁned as the
weighted sum of the volumes of the uncertainty
hyperellipsoids of the four unknown parameters of the ﬁve
point masses, i.e., location coordinates and mass change. It is
important to stress that the real (i.e., in the ﬁeld) covariance
among measurements from different MEMS stations, which is
one of the inputs, is not yet available and this limits the accuracy
of the outcome of the optimization procedure.
A preliminary run of the network optimization procedure
resulted in the MEMS stations conﬁguration shown in Figure 13.
Further details on this method will be provided in a paper
currently in preparation (Nikkhoo et al.). Here it is worth
stressing that some of the sites selected by the algorithm could
present characteristics, such as absence of ﬁrm base rock at close
distance and poor or absent cellular coverage for data
transmission, not well suited for the installation of a MEMS
station. Hence, an approach must be followed where theoretical
results from the optimization procedure and information from
the ﬁeld are iteratively combined, toward retrieving the ﬁnal
conﬁguration of the MEMS pixel in the gravity imager.
The method that has been developed to optimize the
conﬁguration of the gravity imager can handle complex
constraints imposed by ﬁeld conditions and instrumental
limits and, with appropriate modiﬁcations, it can be applied to
optimize the conﬁguration of gravity networks at any location.

Strategy for Retrieving the Best Array
Conﬁguration
As reported in the previous sections, in the framework of the
ﬁeld-test on Mt. Etna, the location of the installation site for the
AQG-B is constrained by the requirements of the instrument,
when it is utilized for continuous measurements over a long
interval. Conversely, the positions of the MEMS “pixels” can be
chosen more freely. The MEMS network conﬁguration can thus
be optimized, with the aim of improving the performance of the
gravity imager, in terms of its ability to detect meaningful gravity
changes during the deployment.
As the ﬁrst step toward the deﬁnition of the optimal network
conﬁguration, the amplitudes, time scales and spatial extent of the
gravity anomalies associated with volcanic processes were
reviewed (Figure 11), mainly focusing on, but not limited to,
results from Mt. Etna (e.g., Branca et al., 2003; Furuya et al.,
2003a; Furuya et al., 2003b; Carbone et al., 2008; Carbone et al.,
2015; Carbone and Poland, 2012). It is worth noting that gravity
measurements are usually conducted at safe distances from
hazardous processes, such as lava fountains, owing to the high
risk of losing expensive instrumentation if a sudden eruptive
event occurs. It is likely that higher amplitudes would be recorded
at closer distances from the active structures, but this cannot be
achieved with the currently available instruments.
As a further step, using results of studies dealing with the
inversion of gravity changes observed at Mt. Etna during the last
∼30 years (see Carbone et al., 2017 and reference therein), ﬁve
volumes within and below the volcanic ediﬁce were deﬁned as the
locations where mass changes producing measurable gravity
change may most likely occur over the time scale of the
deployment of the gravity imager (∼2 years). This is a strong
assumption, as the volcano is prone to sudden changes of
intrusive and eruptive patterns; nevertheless, making this
assumption is necessary, in order to limit the area to be
covered by the network. Three of the above locations are
below the summit craters, at elevations of 1,500, 0 and
−2,000 m, respectively. The other two locations are offcentered by ∼3 km to the south and north along the S and NE
Rifts, respectively, and at elevations of 1,000 and 1,500 m,
respectively. Figure 12 shows maps of gravity anomalies
induced by mass sources in the above locations.
We have identiﬁed the characteristics of the network
conﬁguration that satisfy the above requirements by both i)
deriving simple analytical solutions, to be used as references
and ii) using a genetic algorithm as the nonlinear optimization
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FORWARD MODELING OF VOLCANO
PROCESSES AND POTENTIAL FOR RISK
MITIGATION
Besides the high cost of current instrumentation and the
difﬁculty in using it under harsh environmental conditions,
another factor that has limited the application of continuous
gravimetry to monitor and study active volcanoes is the lack of
proper understanding of the cause-effect relationships linking
underlying processes to fast-evolving gravity changes (time
scales ranging between minutes and a few days). Indeed,
even at volcanos where continuous gravity measurements are
usually carried out, gravity data are not routinely considered in
early warning systems and crisis management plans, despite
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FIGURE 11 | Time (left) and space (right) scales vs. amplitude of the gravity changes induced by volcanic processes. In the left panel, the characteristics of the
gravity changes induced by hydrological processes are also reported, for the sake of comparison. Conversely, “caldera collapse” is not reported in the right panel, since
the possible space scale of this particular process covers the whole range of the x-axis of the plot and beyond.

SUMMARY AND CONCLUSIVE REMARKS

their power to identify processes that might immediately precede
eruptions or changes in eruption style (Carbone et al., 2017). For
example, magma being quickly transported to the surface, large gas
bubbles ascending in conduits, accumulation of foam layers in
structural traps and mixing processes when a new magma enters an
existing reservoir, which are typical processes anticipating
eruptions, are expected to induce a measurable gravity signal
that evolves, during the process, over relatively short time
scales. Critically, recording such gravity changes may help
quantifying a parameter, the mass ﬂow rate, that is very much
needed as input for hazard models, but impossible to obtain with
enough conﬁdence from other monitoring data.
In order to integrate high-rate gravity data into a better
understanding of the volcano dynamics and to improve the
accuracy of hazard models, we need to progress our process
understanding and clarify how key magmatic processes translate
into fast-evolving gravity changes observable at the surface.
To address this issue, a speciﬁc task of NEWTON-g is devoted
to the development of forward modeling for a variety of scenarios,
mainly focused on volcanic processes, but potentially applicable
to, e.g., geothermal areas. Results (i.e., synthetic signals) from
numerical and analytical models will be compared to real gravity
signals, for testing and validation, and eventually applied to
interpret the data produced by the NEWTON-g gravity
imager, during its deployment at Mt. Etna. Strategies will be
also developed for best incorporating gravity data into existing
frameworks (e.g., early warning systems and data reporting to
Civil Protection Authorities) for the detection and assessment of
short-term (days-months) volcanic hazards.
We thus envisage that the results from NEWTON-g will serve as
a reference to volcano observatories around the world, which might
use the tools and methods developed by NEWTON-g for their own
monitoring programs. Application to a very active and monitored
volcano such as Mt. Etna will help to best test and benchmark the
new tools, and will serve as guidance to less active and quiescent
volcanoes/calderas whose activity and unrest are of more difﬁcult
interpretation (e.g., Battaglia et al., 1999; Acocella et al., 2015).
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Modern geophysics actively pursue a quantitative and overall
understanding of the processes active in the Earth’s interior, in
order to address critical societal issues, such as georisk mitigation
and resource management. Most geophysical phenomena
underlying the dynamics of hydrological, volcanic,
hydrothermal and petroleum systems involve underground
mass transport and can induce changes in the gravity ﬁeld
measurable at the surface. Gravimetry is thus an important
geophysical method, able to provide unique insight into
natural phenomena that have strong societal implications.
Most currently available land gravimeters (Figure 1) allow to
attain the precision and accuracy that is required to measure
gravity changes driven by geophysical processes (amplitudes
ranging between a few and a few hundreds of µGal).
Nevertheless, these instruments are expensive (prices ranging
between about 100 and 500 k$), which has often discouraged
research institutes and monitoring centers from performing
microgravity observation—especially continuous measurements
that, ideally, would require the installation of an array of
instruments. For example, Carbone et al. (2006, 2015) and
Carbone and Poland (2012) demonstrated that meaningful
gravity changes driven by volcanic processes may develop over
short time-scales (minutes to a few days), thus requiring
continuous observations at ﬁxed installation sites and at
relatively high rate (0.01–1 Hz). However, since the
institutions in charge of monitoring and studying volcanoes
cannot afford more than two to three gravimeters, it has never
been possible to observe these fast-evolving gravity changes with
enough space resolution and their interpretation has remained
elusive. Similar issues limit the possible application of the gravity
method for tracking rapid hydrological and hydrothermal
processes (Gottsmann et al., 2007).
Besides being expensive, the available gravimeters intended for
continuous observations are more suited for use under laboratory
conditions, rather than in the ﬁeld. Indeed, they are large, heavy,
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FIGURE 12 | Maps of Mt. Etna showing gravity anomalies (in µGal) induced by different mass sources. (A–D) Gravity anomalies produced by a point source (mass
change  1.45 × 1010 kg, in all cases) beneath the summit craters at different depths: (A) 2 km b.s.l., (B) at sea level, (C) 1 km a.s.l., (D) 1.5 km a.s.l., and (E,F) Gravity
effect (in µGal) due to elongated mass sources (dikes) below the south and north-east slopes of Etna. (E) Mass change of 2.5 × 1010 kg, source depth at 1,000 m above
sea level (Budetta et al., 1999). (F) Mass change of 1.5 × 1010 kg, source depth at 1,500 m above sea level (Carbone et al., 2003). The maps also report positions
of: the two higher gravity stations equipped with iGrav meters (SLN and MNT); the Pizzi Deneri Volcanological Observatory; the Summit road (blue track).

power-hungry and controlled by dedicated acquisition systems
that include a laptop computer. Hence, they cannot be utilized at
sites difﬁcult to reach and where AC power and a large surface for
the setup are not available (e.g., active zones of tall volcanoes,
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Antarctica). Under this scenario, the development of lighter, less
expensive and less power-demanding devices will open new
horizons for the application of terrain gravimetry (especially
continuous measurements).
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years), is lighter and more portable than most current absolute
gravimeters and is relatively straightforward to install and operate.
With this device it is possible to record continuously at the reference
site, interrupt the acquisition to take time-lapse measurements
across an array of other points, and then return to the reference
station, where the absolute continuous time series could be restarted
without the need to apply any compensating corrections.
The combination of the two above technologies into a
symbiotic sensor network is the key aspect of NEWTON-g.
The project will offer the possibility to validate an entirely
new gravity imaging modality (with MEMS sensors making
the pixels of the gravity imager, and the quantum gravimeter
providing the absolute reference). The data produced by the
gravity imager will therefore have the potential to spark a
paradigm change in the way gravity measurements are carried
out. The beneﬁciaries of such a shift will not be isolated to the
research community–multi-national companies/government
agencies in defense, mineral exploitation, hydrology and civil
engineering are watching the outcome of this project with
interest.
The deployment of the gravity imager in the harsh volcanic
environment, during the ﬁeld-test phase of NEWTON-g, will be a
valuable validation of the new technologies, that will greatly
increase the trust placed in it by potential commercial users, if
the devices are proven to work properly. We envisage that the best
of terrain gravimetry is yet to come!

FIGURE 13 | Sketch map of Mt. Etna showing one possible
conﬁguration of microelectromechanical systems (MEMS) stations (red dots)
selected by the optimization procedure. The position of the two stations
equipped with iGrav SGs at higher elevation (SLN and MNT) and the Pizzi
Deneri Volcanological Observatory (PDN) is also indicated. The blue track
marks the Summit road, while the green track indicates the westernmost part
of the Forestale road. The position of both tracks is taken into account by the
optimization procedure (see text for details).
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The MEMS gravimeter has a performance comparable to those
of commercial relative gravimeters, but it is signiﬁcantly smaller
and has the potential to be much less expensive, since the
fabrication process of mobile phone accelerometers can be
exploited (Middlemiss et al., 2016). The low cost of the
devices could democratize the gravimeter industry, currently
dominated by large companies in the US, thus vastly
increasing the number of potential applications, as proven by
the interest already expressed by many subjects (e.g., defense, oil
and gas and space sectors) in being end-users of these devices
when they become commercially available. H2020 funding under
NEWTON-g is actively pushing the MEMS devices along the
Technology Readiness Level scale (Héder, 2017), from a
laboratory demonstration to a working ﬁeld prototype, thus
making successful commercial development much more likely.
NEWTON-g is also fostering the development of the ﬁrst AQG
able to withstand harsh outdoor conditions. If successful, this
development will be a game-changer for absolute gravimetry.
Indeed, current FFAGs are, generally, not well-suited for use in
the ﬁeld, require expert operators and cannot record data
continuously for extended intervals (Van Camp et al., 2017).
The NEWTON-g cold-atom gravimeter can perform continuous
measurements at a high rate (2 Hz) over a long time interval (several
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