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Abstract: Gravitational effect of surface deformation is in 4D microgravimetry treated
as the deformation-induced topographic effect (DITE). The DITE field is computed using
Newtonian volumetric integration which requires high resolution digital elevation model
(DEM) and vertical displacement field in areal form. If only elevation changes on bench-
marks of the gravimetric network are available, instead of the vertical displacement field,
the DITE on benchmarks can be evaluated only approximately, using a planar Bouguer or
a normal free-air-effect (nFAE) approximation. Here we analyse the adequacy and accu-
racy of these two approximations in a case study for the December 2018 fissure eruption
on Etna accompanied by significant surface deformation caused primarily by a relatively
shallow dyke. The outcome is that in volcanic areas of similar morphology as that over
the Etna summit area, and for surface deformation fields due to relatively shallow dykes,
neither the Bouguer nor the nFAE approximation of the DITE is accurate enough. In
such situations the residual gravity changes should be computed with both the Bouguer
and nFAE corrections and interpreted as two marginal cases. In addition we analyse also
a correction for the effect of benchmark elevation change based on the topographically
modelled (predicted) vertical gradient of gravity (VGG) meant to approximate the in-situ
VGG values at benchmarks. This correction does not appear suitable to approximate the
DITE in conditions of our case study or in broader sense.

Key words: volcano geodesy, 4D microgravimetry, spatiotemporal gravity change, DITE,
surface deformation
1. Introduction

Spatiotemporal (time-lapse) gravity changes observed in volcanic areas are
complex composite signals. The observed gravity changes (Ag) must be
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first corrected for all signal components other than those associated with
the studied volcanic processes (e.g., Battaglia et al., 2008; Carbone et al.,
2017; Ferndndez et al., 2017; Van Camp et al., 2017). Among these are
atmospheric and tidal effects, instrumental and survey design effects, and
hydrological effects. For a review of these effects and their treatment see
(Vajda et al., 2019 and references therein).

If elevation changes, i.e. surface vertical displacements (Ah), accompany
gravity changes then the gravitational effect of the surface deformation must
be carefully corrected for. To extract the gravitational signal component
related only to the mass and /or density changes related to the source (Ag™),
several gravitational effects must still be removed. This removal of unwanted
signal components constitutes the computation of residual gravity changes
Ag'® (e.g., Vajda et al., 2019, 2021):

Ag®(P) = Ag(P) — Ag™F(P) — Agd®!(P) — Ag'(P) = AgM(P). (1)

The individual signal components, evaluated at the gravity benchmark on
the (post-deformation) topographic surface (P) are as follows. The AgFAF
term is the so called free-air effect (FAE). It is the gradient effect based on
the true (in situ) vertical gradient of gravity (VGG). The FAE is due to
the vertical displacement of the gravity benchmark in the ambient gravity
field, i.e. in free-air, disregarding the fact that the topographic masses at-
tached to the deformed surface are moving along with the displaced surface.

The latter effect is treated as the attraction of surface deformation
(Ag®%t). The Ag®d! term is a sum of two terms: (1) the attraction of topo-
graphic masses enclosed between the pre- and post-deformation topographic
surfaces, referred to as the Topographic Deformation Effect (AgTDE), and
(2) the attraction of surface mass changes, such as outpoured cooled lava
flows, fall-out products, morphological dome changes, lahars, flank collapses,
debris accumulations, etc. (Ag®"™), both the terms being discussed in (Vajda
et al., 2019). Since both attractions are evaluated by the same numerical
volumetric integration for points on the post-deformation topographic sur-
face, it does not make sense to distinguish between them. Instead, they
can be computed together as one term (Ag®®f). Due to the relief of the
topographic surface, the Ag®®f term must be numerically evaluated by 3D
Newtonian volumetric integration.

The Ag'% term is the attraction of inner deformations (structural ones

166



Contributions to Geophysics and Geodesy Vol. 51/2, 2021 (165-188)

and those related to the source boundary). While the attraction of surface
deformation (Ag*%!) can be computed from the observable surface defor-
mation (and observable surface mass changes), and applied as a correction
to observed gravity changes, the attraction of inner deformations can only
be estimated or modelled.

We stress that the terms Ag™F and A¢g*%*f should never be treated
numerically separately. The reason is that both terms contain a highly vari-
able short-wavelength signal due to the relief of the topographic surface, and
their sum should be treated as one term, named the Deformation-Induced
Topographic Effect (DITE):

AgDITE(P> = AgFAE(P) + Angef (P) , (2)

in which the highly variable short-wavelength signal is significantly sup-
pressed. Here, the free-air effect (FAE) is based on the VGG (I') observed
at the benchmark, by which the elevation change (Ah) of a benchmark is
multiplied:

AgFAE(P) = T(P) Ah(P). (3)

The second DITE constituent (Ag%%f), the attraction of surface defor-
mation must be computed by a 3D Newtonian volumetric integration. The
conceptual (defining) expression of DITE, Eq. (2), is not well suited for the
numerical evaluation of DITE, as it demands the measurement of VGG at
each benchmark, which is not always possible. Moreover, even if measured
VGG values were available at benchmarks, it would be very difficult to com-
pute the Ag*% term accurately due to the limited accuracy of the DEM
(DTM) and the lack of the knowledge of the real near-surface rock density.
Therefore, Vajda et al. (2019) have derived an expression much more suit-
able for the numerical realization of DITE defined by Eq. (2), omitting the
measurement of the real VGG, as well as minimizing the issues related to
the accuracy of evaluating the Ag®%f term:

AgPITE(P) = ToAR(P) + [o™*(P") — a"(P)] . (4)

This new expression is called “quasi exact DITE” (qeDITE) and repre-
sents the most accurate approximation of DITE under the assumption of
constant reference topographic density (neglecting the effects of density
anomalies on DITE). It replaces the use of VGG in DITE by the use of
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the constant gradient of normal gravity (I'p). In qeDITE the first term
is a gradient effect, this time based on the constant theoretical (normal)
free-air gradient (FAG), I'g = —308.6 uGal/m (1 pGal/m = 1078 s72). The
square brackets term constitutes the difference between the attraction of
the post-deformation topographic masses evaluated on the post-deformation
topographic surface (a™*(P*)) and the attraction of the pre-deformation
topographic masses evaluated on the pre-deformation topographic surface
(a™(P)). This is not the same as the attraction of masses trapped be-
tween pre- and post-deformation surfaces. The topographic masses are
those bound between sea level and the earth surface. A constant refer-
ence density (pg) of the topographic masses is adopted in evaluating this
term. The square brackets term is evaluated by numerical volumetric New-
tonian integration, which requires an accurate and high-resolution digital
elevation model (DEM) of the study area, ideally with horizontal resolution
less than 10 m and vertical accuracy better than 10 cm, a correct choice of
the topographic reference density (pp), and the availability of the vertical
displacement field in areal form.

Vertical displacements in areal or grid form can be provided by Dif-
ferential Interferometric Synthetic Apperture Radar (DInSAR), by repeat
Light Detecting And Ranging (LiDAR) measurements, or by repeat pho-
togrammetric observations (e.g., Fornaciai et al., 2010; Diefenbach et al.,
2012, 2013; Aldeghi et al., 2019; Carr et al., 2019; Jordan, 2019; Okyay et
al., 2019). For the numerical evaluation of the square brackets term in
Eq. (4) we use the software Toposk (Zahorec et al., 2017) which calculates
the attraction of topographic masses up to the distance of the outer limit of
zone O (166.7 km) of the Hayford-Bowie system (Hayford and Bowie, 1912).
Different resolution DEMs, with resolution increasing towards the evalua-
tion point, and different representations (with the option of using planar
or spherical approach) of the volumetric elements are used within different
integration zones of the Hayford-Bowie system.

If the vertical displacements are only available as scattered point data at
gravity benchmarks, then the DITE can be evaluated only approximately
by multiplying the elevation change at each benchmark by some sort of
gravity gradient value. The question arises which gradient value is to be
used. Should one use in-situ VGG measured at each benchmark, or, if not
available, its approximation by the topographically-predicted VGG (Vajda
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et al., 2020)? Should the constant theoretical (normal) FAG be used, or
the Bouguer-corrected FAG (BCFAG)? Or do different conditions or situa-
tions require the use of different values of the vertical gradient? Vajda et al.
(2019) addressed this question by performing numerical simulations of the
DITE respective to various size and shape deformation fields imposed over
relief features of various shapes. The outcome of their study is that most
commonly the Bouguer approximation (BCFAG-DITE) would perform the
best. It uses the planar BCFAG (I'p), cf. (e.g., Berrino et al., 1984, 1992;
Rymer, 1994):

AgDITE<P> ~ T Ah(P), whereI'y = [I'g+27Gpo], (5)

where G is the Newton constant and I'g is the constant theoretical (normal)
FAG. However, under particular conditions the “normal FAE” (nFAE):

AgPTTE(P) =~ Ty Ah(P) (6)

will become a better approximation of DITE. The numerical simulations re-
vealed that the physical nature of DITE varies between two limiting cases:
the nFAE-DITE and the BCFAG-DITE. The DITE varies depending on the
shape, lateral extent and amplitude of the deformation field, as well as the
shape of the relief over which it is imposed. In flatter or less rugged relief
the nature of DITE is closer to its Bouguer representation (Eq. (5)). In
special cases of short-wavelength deformation fields (such as those gener-
ated by shallow small spherical sources or by vertically elongated shallow
sources) imposed over steep cone-shape terrain the nature of DITE is closer
to its normal-free-air representation (Eq. (6)).

Some 4D microgravimetric studies on volcanoes (Bonaccorso et al., 2011;
Greco et al., 2012; Bonforte et al., 2017 and others) prefer the use of the
FAE correction (Eq. (3)). If the VGG values at benchmarks are not available
(were not observed), they can be, in areas of rugged topographic relief, suc-
cessfully approximated by their topographically predicted (modelled) values
(T'p), see Zahorec et al. (2016), Vajda et al. (2020). Just for the sake of
completeness, we shall numerically compare to the DITE field also the field
computed as the predicted VGG field times the vertical displacement field:

AgPTE(P) ~ Tp(P) Ah(P), (7)

to see whether it would be suitable to approximate the DITE.
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In other volcano gravimetric studies the value of the VGG on benchmarks
is replaced by a locally estimated constant value of the VGG (e.g., Miller
et al., 2017). The deviation of such treatment of the gravitational effect
of surface deformation from the DITE and its impact on the interpretation
of the residual gravity changes was assessed in a case study for Laguna del
Maule, Chile by Vajda et al. (2021).

In this study we focus on approximating the DITE in volcanic areas with
morphologies similar to that of the upper part of Mount Etna, in cases of
surface deformation caused by shallow dykes. We use a case study represent-
ing the December 2018 fissure eruption on Etna, which was accompanied
by significant surface deformation with a range of vertical displacements
(from subsidence to uplift) of ca. 30 cm. The shallow dyke, as a primary
source of the surface deformation accompanying this volcanic (and seismic)
event, was inferred by inverse analytical modelling (Bonforte et al., 2019;
De Novellis et al., 2019).

We compare the DITE field (Eq. (4)) with its Bouguer approximation
(Eq. (5)) in section 2.4, its normal-free-air approximation (Eq. (6)) in sec-
tion 2.5, and finally with the field obtained by multiplying the vertical
displacement field by the topographically predicted (modelled) VGG field
(Eq. (7)) in section 2.6.

2. DITE case study for Etna eruption of 24-27 December
2018

2.1. Fissure eruption of Dec-2018

The eruption of 24 December 2018 (Calvari et al., 2020) is one of the signifi-
cant recent eruptions of Etna volcano, Sicily (Fig. 1). It was preceded by two
years of ground uplift at a nearly constant rate (Chauhan et al., 2020) and
by increasing explosive and effusive activity at the summit craters during
the last few months before the main eruption. A shallow (1-2 km) seis-
mic swarm of low-magnitude volcano-tectonic events occurred beneath the
southeastern flank of the volcano in the morning of 24 December (Alparone
et al., 2020). An hour later, the summit GPS stations started recording
ground deformation (Cannavo, 2019). The ground displacement culminated
at noon, when a nearly 3 km long eruptive fissure opened at the base of the
New South-East Crater (NSEC) and along the western flank of the Valle
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Fig. 1. Geographical location of Etna volcano.

del Bove (Bonforte et al., 2019). Strong Strombolian activity and several
lava flows occurred along the eruptive fissure (Laiolo et al., 2019). Activity
along the eruptive fissure lasted until 27 December. Sentinel-1 interfero-
grams show a wide and intense ground deformation with some additional
features related to volcano-tectonic structures.

The 24-27 December 2018 Etna eruption represents a peculiar paroxys-
mal event. The bulk of the eruption-related ground deformation developed
in a matter of hours (Cannavo et al., 2019) and was driven by a ~ 1 m spread-
ing of the volcano edifice and underlying sedimentary basement, across a
depth range of some kilometers (Bonforte et al., 2019; De Novellis et al.,
2019). Results of previous studies (Chauhan et al. 2020; Bonforte et al.,
2019; De Novellis et al., 2019) indicate that the observed syn-eruptive defor-
mation was associated with a bulk volume increase of some tens of millions
cubic meters, while the erupted volume (effusive activity) amounted to only
about 1x10° m3 (Laiolo et al., 2019).

Studies interpreting the surface deformation of this eruption derived from
InSAR data (Bonforte et al., 2019; De Novellis et al., 2019) inferred com-
posite (multisource) dyke models. The interpreted syn-eruption surface de-
formation field is respective to a 6-day Sentinel-1 interval (22-28 December).
The deformation field therefore contains besides the signal of the tensile dis-
location due to the intrusion of the feeder dyke, also other (second order)
deformation effects related to volcano-tectonic structures.
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Bonforte et al. (2019) inverted the Sentinel-1 (S1) DInSAR data in the
summit area of Mount Etna to characterize the magma intrusion. In their
inverse modelling, using optimization routine based on the Genetic Algo-
rithm approach, they searched for dislocation sources (Okada sources) and
deflation (depressurizing) sources (Yang-source). Their resulting model in-
dicates that a large dyke intruded up to about the sea level. This big
intrusion allegedly stretched the edifice, promoting the opening of the erup-
tive fissures fed by a shallower small dyke, and activated also several faults.
Their solution consists of four deformation sources: (1) a shallow small
dyke (Okada shallow dyke) extending from the summit area SE-ward for
about 2.5 km, with a depth span ca. 500-1500 m a.s.l, with a slip of 1 m
and opening of 1 m, (2) a deeper bigger vertical dyke (Okada deeper dyke),
N-S oriented, about 6.3 km long and 3.8 km wide, with depth of its top at
2.5 km, opening of 1.3 m and slip 30 cm, (3) a dislocation source (Okada
FF dislocation source) at the Fiandaca fault, and (4) a depressurizing source
(Yang pressure source) at the depth of ca. 6 km below sea level, centered
below the deeper dyke.

De Novellis et al. (2019) also interpreted DInSAR data. The vertical dis-
placement field in the summit area shows a general subsidence of the western
sector of the summit. The most localized deformation pattern identified cor-
responds to La Montagnola area and shows a subsidence of 15 cm, whereas,
to the east, 28 cm of uplift is revealed. De Nowellis et al. (2019) inferred
a similar magma injection source utilizing a dyke intrusion and a shallower
dyke feeding the fissure eruption. In their analytical inverse modelling they
used shear and tensile dislocation sources. Their model retrieves two dykes.
One nearly vertical dyke vertically elongated for about 4.4 km, with a max-
imum opening of ~ 1.2 m, horizontally matching the location of the vents
and of the ground fractures observed in the field. The other nearly verti-
cal dyke extends southward in the area of La Montagnola to 8.5 km depth,
with a maximum opening of 95 cm.

Chauhan et al. (2020) model jointly the surface deformations (GPS data
at 30 of the 39 ¢GPS network stations for a period 23-26 December) and
gravity changes (at two superconducting gravity observation sites MNT and
SLN) using a dyke opening (tensile dislocation) source. They conclude that
a more complex mechanism, likely involving the formation of new void space
through local increase of the fracturing rate of the medium, rather than a
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mere dyke injection, led to the breakout of the December 2018 eruption.

Bonaccorso and Giampiccolo (2020) also report a two dykes (“double
dyke”) source (cf. their Fig. 3), inferred by Aloisi et al. (2020), cf. their
Fig. 12. Aloisi et al. (2020) jointly analysed and modelled different types of
continuous deformation data (strainmeters, tiltmeters and high-rate GPS)
to constrain a detailed and complete model and the time evolution for the
December 24-25, 2018 eruptive intrusion. The shallower dyke, commencing
at 3 km below the summit craters area, gradually increased its horizontal
dimension. It began propagating on December 24 at 8:20, reached the
ground surface at 11:10 and fed the short-lived fissure eruption. After the
start of the eruption and until the afternoon of December 25, a second
deeper dyke penetrated the high southern eastern flank but did not reach
the surface. This non-eruptive dyke was very thick (~5 m opening) and
deeper, departing from about 3 km b.s.l. and stopping inside the volcano
edifice at 1.5 km a.s.l. without surfacing.

2.2. Vertical displacement field

In our case study we use the vertical displacement field respective to the
24 Dec 2018 fissure eruption on Etna derived from Sentinel-1 (S1) SAR
data. The data over Etna comprise the ascending (Track 44) and descend-
ing (Track 124) passes with a 6-day revisit time, acquisitions of 22 and
28 December 2018. For DInSAR processing we use ESA SNAP software
(+ SNAPHU), applying the following steps on Sentinel-1 ASC and DSC SLC
data: inclusion of the precise orbits, necessary data preparation (split of the
bursts), back-geocoding (DEM-assisted) co-registration utilizing SRTM 1sec
DEM, complex data resampling making use of 5-point bi-sinc interpolation,
bursts merging, interferogram formation, subtraction of flat-earth phase and
topographic phase (SRTM 1sec DEM) plus coherence estimation (7x7 win-
dow), multi-looking with 7 looks in range and 2 azimuthal looks, Goldstein
phase filtering (adaptive filter exponent 0.4, FFT window size 64 pix, win-
dow size 3 pix) with coherence mask (0.2 threshold), phase unwrapping with
SNAPHU (MCF) based on (Chen and Zebker, 2000), phase-to-displacement
conversion in line-of-sight (LOS) direction, masking with coherence (0.4).
Displacement (in LOS direction) was consequently interpolated to regular
1 sec grid using Kriging. Resultant displacement fields were zero-referenced
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w.r.t. reference point MNT (Montagnola). ASC 44 and DSC 124 based reg-
ular interpolated displacement data were used for decomposition from LOS
direction displacement into vertical and east-west displacement components
(Ketelaar, 2009). The vertical displacement field is shown in Fig. 2.

AH (mm)

240
220
200
180
160
140
120
100

Northing UTM (m)

494000 496000 498000 500000 502000 504000 506000
Easting UTM (m)
Fig. 2. The syn-eruptive vertical displacement field (mm) of the Dec-2018 fissure eruption

on Etna derived from DInSAR (Sentinel-1, 22-28 Dec 2018) draped over shaded relief of
Etna.

2.3. DITE field

To compute the DITE accurately (Fig. 3), the square brackets term in Eq. (4)
is evaluated by numerical volumetric Newtonian integration, which requires
an accurate and high-resolution DEM of the study area for the integration
in the innermost zone, and the vertical displacement field. We used the Li-
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Fig. 3. Syn-eruptive DITE field of the Dec-2018 fissure eruption on Etna (uGal) respective
to the surface deformation shown in Fig. 2.

DAR DTM 2005 (Bisson et al., 2016) with the resolution of 5m and vertical
accuracy (rms) of 24 cm as the best available DEM in our study area. The
correct choice of the topographic reference density (pg) for evaluating the
square brackets term is important, too. We used the value of 2670 kg/m?
(Schiavone and Loddo, 2007). We used the vertical displacement field shown
in Fig. 2.

For the numerical evaluation of the square brackets term in Eq. (4) we
use the software Toposk (Zahorec et al., 2017) which calculates the attrac-
tion of topographic masses up to the distance of the outer limit of zone O
(166.7km) of the Hayford-Bowie system (Hayford and Bowie, 1912). Differ-
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ent resolution DEMs (increasing towards the evaluation point) and different
representations (with the option of using planar or spherical approach) of
the volumetric elements are used within different integration zones of the
Hayford-Bowie system.

2.4. Bouguer approximation of DITE

The DITE computation requires numerical volumetric integration similar
to the computation of the terrain or topographic correction in gravime-
try. If the deformation field is not available in areal (grid) form, then the

4180000
4179000

4178000
o

Northing UTM (m)

4172000

498000 499000 500000 501000 502000 503000 504000
Easting UTM (m)

Fig. 4. The difference (uGal) between the DITE field and its Bouguer approximation for
the vertical displacement field shown in Fig. 2.
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DITE can be approximated by multiplying the elevation changes observed
at gravity benchmarks by a constant value of the Bouguer corrected FAG
(BCFAG), cf. Eq. (5). The BCFAG value depends on the topographic den-
sity chosen to represent the study region. We used a density of 2670 kg/m?
(Schiavone and Loddo, 2007). For this density the value of the BCFAG is
—197 pGal/m.

In Figure 4 we compare the DITE field with the planar Bouguer ap-
proximation of the DITE field by showing their difference. Over the whole
study area the statistics of the difference between the two fields are: min =
—14.5 pGal, max = 7.5 pGal, mean = —1.1 uGal, and RMS = 2.3 pGal.

In Figure 5 we show the difference of Figure 4 in a relative sense as this

ADITE
(%)

Northing UTM (m)

498000 499000 500000 501000 502000 503000 504000
Easting UTM (m)

Fig. 5. The difference shown in Fig. 4 presented in relative sense (%).
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difference divided by the DITE. We do this only for the grid (mesh) points
where the DITE signal (in absolute sense) is greater than 5 puGal, to avoid
values of several hundred percent for spots where the DITE is very small.
This relative difference is interpolated over the empty spots where the DITE
signal (in absolute sense) is less than 5 pGal.

2.5. Normal Free-Air approximation of DITE

Just as we compared the Bouguer approximation of DITE to the actual
DITE field in the above section, here we do the same (Fig. 6) for the

4180000

ADITE
(nGal)

4179000

o/
7%
4176000

Northing UTM (m)

T

498000 499000 500000 501000 502000 503000 504000

Easting UTM (m)

Fig. 6. The difference (uGal) between the DITE field and its normal-free-air approxima-
tion (nFAE) for the vertical displacement field shown in Fig. 2.

178



Contributions to Geophysics and Geodesy Vol. 51/2, 2021 (165-188)

normal-free-air (nFAE) approximation of DITE, cf. Eq. (6). Over the whole
study area the statistics of the difference between the two fields are: min =
—9.2 pGal, max = 23.5 pGal, mean = 3.2 pGal, and RMS = 5.1 uGal.

In Figure 7 we show the difference of Figure 6 in a relative sense as this
difference divided by the DITE. We do this only for the grid (mesh) points
where the DITE signal (in absolute sense) is greater than 5 puGal, to avoid
values of several hundred percent for spots where the DITE is very small.
This relative difference is interpolated over the empty spots where the DITE
signal (in absolute sense) is less than 5 uGal.

ADITE
(%)
50

30

10

Northing UTM (m)

-110

-130

498000 499000 500000 501000 502000 503000 504000
Easting UTM (m)

Fig. 7. The difference shown in Fig. 6 presented in relative sense (%).
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2.6. Comparison of DITE and the vertical displacement field mul-
tiplied by topographically predicted VGG field

As a matter of interest we compare (Fig. 9) with the DITE field also the
gravitational effect computed as the vertical displacement field multiplied
by the topographically predicted VGG field (Eq. (7)). For this purpose we
make use of the topographically predicted VGG field (Vajda et al., 2020)
shown in Fig. 8. It approximates, for the sake of our comparison, the true
(in-situ) VGG field.

In Figure 10 we show the difference of Figure 9 in a relative sense as
this difference divided by the DITE. We do this only for the grid (mesh)

4180000 2 / T 7 _ VGG
L | (uGal/m)

4179000

-140
4178000
-180

4177000 -220

-260
4176000

-300

4175000

Northing UTM (m)

-340
4174000 -380
-420
4173000
-460

-500

] -540
498000 499000 500000 501000 502000 503000 504000

Easting UTM (m)

Fig. 8. The topographically predicted VGG field (uGal/m) draped over shaded relief in
our study area.

180



Contributions to Geophysics and Geodesy Vol. 51/2, 2021 (165-188)
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Fig. 9. The difference (uGal) between the DITE field and the field given by Eq. (7) based
on the topographically predicted VGG field, for the vertical displacement field shown in
Fig. 2.

points where the DITE signal (in absolute sense) is greater than 5 uGal, to
avoid values of several hundred percent for spots where the DITE is very
small. This relative difference is interpolated over the empty spots where
the DITE signal (in absolute sense) is less than 5 uGal.

3. Discussion

Numerical simulations (Vajda et al., 2019) of DITE fields based on synthet-
ic deformation fields of various lateral extents and shapes imposed over var-
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Fig. 10. The difference shown in Fig. 9 presented in relative sense (%).

ious features of volcanic relief revealed that the physical nature of DITE
varies between two limiting cases: the nFAE-DITE and the BCFAG-DITE.
The DITE varies depending on the shape, lateral extent and amplitude of
the deformation field, as well as the shape of the relief over which it is im-
posed. In flatter or less rugged relief and for widespread fairly monotonous
deformation fields the nature of DITE is closer to its Bouguer representation
(Eq. (5)). In a special case of narrow spiky deformation fields (such as those
generated by shallow small spherical sources) imposed over steep cone-shape
terrain, the nature of DITE is closer to its normal-free-air (nFAE) represen-
tation (Eq. (6)). Here we set forth to examine what would be the situation
with a surface deformation field generated by a relatively thin, vertically
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elongated and relatively shallow source, such as a shallow dyke, in a mor-
phological setting like that of the summit area on Etna.

The comparison of the Bouguer and nFAE fields approximating the DITE
(qeDITE) field (sections 2.4 and 2.5) revealed that — for the whole study area
(Etna summit area) — the nature of the DITE field due to the dyke intrusion
related to the Dec-2018 Etna fissure eruption dwells somewhere inbetween
the Bouguer and nFAE representations. Although, from the viewpoint of
the whole study area, the Bouguer approximation performs slightly better
than the normal-FAE approximation (cf. Table 1), neither of them is accu-
rate enough in the whole summit area of Etna (cf. Figs. 4 and 6 as well as 5
and 7).

However, the situation reverses when focusing on the four summit craters.
Over the summit craters the deviation of the Bouguer approximation reaches
10 to 15 pGal (25 to 50% of the DITE signal, in relative sense), while the
deviation of the nFAE approximation is negligible (at the level of a couple
of uGals). Thus, over the summit craters the DITE would be most properly
approximated by the nFAE, while in some other parts of the Etna summit
area the Bouguer approximation would perform better.

Table 1. Statistics of the deviations (“dev”) of the three fields from the DITE (uGal)
over our study area.

statistics BCFAG-DITE dev nFAE-DITE dev pVGG*dh dev
min —14.5 —-9.2 —18.2
max 7.5 23.5 45.5
mean —-1.1 3.2 4.0
RMS 2.3 5.1 6.2

In addition we compared to the DITE (qeDITE) field also the field com-
puted as the product of the vertical displacement field and the topograph-
ically predicted VGG field (section 2.6), purely out of curiosity, to see if
it could potentially serve as an appropriate approximation of the DITE. It
turns out (cf. last column in Table 1 and Figs. 9 and 10) that it would not
be a good approximation of DITE.

4. Conclusions

In our presented study we do not deal with explaining the source of the
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Dec-2018 paroxysmal eruption on Etna from observed deformation or grav-
ity changes. We use the syn-eruptive surface deformation field observed by
the SAR satellite technology only as a means for computing the deformation-
induced topographic effect (DITE) related to the inferred source (Bonforte
et al., 2019; De Novellis et al., 2019; Aloisi et al., 2020), a “double dyke”
with a shallow dyke intrusion leading to a fissure eruption. We focus here
on studying the character of the DITE field generated by such shallow dykes
on reliefs such as that of the Etna summit area, and examine the options
of approximating such DITE properly in case when the surface vertical dis-
placement field is not available in areal (grid) form, only in discrete form as
elevation changes at gravity benchmarks.

Based on this case study we come to the conclusion that in situations
with surface deformation fields of similar character (generated by relatively
shallow vertically elongated intrusions such as nearly vertical dykes) in areas
with terrain reliefs similar to the summit area of Etna, neither the Bouguer
nor the normal-FAE approximation of the DITE is accurate enough. Conse-
quently, two types of residual gravity changes should be computed in such
situations. One, in which the observed gravity changes are corrected for
the gravitational effect of surface deformation by multiplying the elevation
changes at benchmarks by the BCFAG (Eq. (5)), and the other, in which
the elevation changes are multiplied by the constant theoretical (normal)
FAG (Eq. (6)). Then, both types of residual gravity changes should be
inverse-modelled and interpreted, yielding the two marginal source solu-
tions, whereby the more realistic solution can be expected somewhere inbe-
tween the two.

Multiplying the elevation changes at benchmarks by the in-situ (ob-
served), or topographically predicted VGG values at benchmarks, does
not appear to be a viable alternative for approximating the DITE. We
are not analysing here whether it would be a good approximation of the
deformation-induced effect (DIE) which includes also the gravitational effect
of inner deformations (cf. Vajda et al., 2019). We focus solely on DITE and
its approximations. In the context of volcano gravimetry, we recommend
to exercise all effort to obtain the vertical displacement field accompanying
the spatiotemporal gravity changes in areal form, and compute the DITE
by numerical realization of Eq. (4).
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