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SUMMARY

Geophysical techniques are widely used to monitor volcanic unrest.
A number of studies have also demonstrated that hydrological pro-
cesses can produce or trigger geophysical signals. Hydrologically-
induced gravity signals have previously been recorded by specif-
ically designed gravity surveys as well as, inadvertently, by vol-
cano monitoring studies. Water table corrections of microgravity
surveys are commonplace. However, the fluctuations of the water
table beneath survey locations are often poorly known, and such
a correction fails to account of changes in water-mass storage in
the unsaturated zone. Here, we combine 2D axis-symmetrical nu-
merical fluid-flow models with an axis-symmetric, distributed-mass,
gravity calculation to model gravity changes in response to fluctu-
ating hydrological recharge. Flow simulations are based on tropical
volcanic settings where high surface permeabilities promote thick
unsaturated zones. Our study highlights that mass storage (satura-
tion) changes within the unsaturated zone beneath a survey point
can generate recordable gravity changes. We show that for a trop-
ical climate, recharge variations can generate gravity variations of
over 150 pGal; although, we demonstrate that for the scenarios in-
vestigated here, the probability of recording such large signals, is
low. Our modelling results indicate that microgravity survey cor-
rections based on water table elevation may result in errors of up
to 100 puGal. The effect of inter-annual recharge fluctuations domi-
nate over seasonal cycles which makes prediction and correction of
the hydrological contribution more difficult. Spatial hydrogeologi-
cal heterogeneity can also impact on the accuracy of relative grav-
ity surveys, and can even result in the introduction of additional
survey errors. The loading fluctuations associated with saturation
variations in the unsaturated zone may also have implications for
other geophysical monitoring techniques, such as geodetic monitor-
ing of ground deformation.

Key words: Hydrogeophysics — Volcano monitoring — Time vari-
able gravity — Permeability and porosity
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1 INTRODUCTION

Volcanic hazard monitoring utilises a number of
geophysical techniques. These monitoring tools
are sensitive to physical changes within the sub-
surface such as density, electrical properties and
elastic deformation. In volcanic settings geophys-
ical signals are regularly interpreted to reflect
changes within the magmatic system and to
track the movement of magma (e.g. Chouet 2003;
Dzurisin 2003). As technology, data collection
and processing strategies have improved, volcanic
monitoring techniques are able to resolve increas-
ingly small signals (e.g. McNutt 2005; Battaglia
et al. 2008; Parker et al. 2014; Muller et al.
2015). This ability to resolve finer signals in-
creases the challenge to decipher underlying phys-
ical sources that may or may not be related to the
magmatic system and volcanic unrest. One non-
magmatic source of geophysical signals are tem-
poral and spatial hydrological variations. These
hydrologically-induced signals may reflect a per-
turbation of the volcanic hydrothermal system
and therefore can indicate changes in volcanic be-
haviour (e.g. Bianco et al. 2004; Todesco 2009).
However, non-volcanic hydrological fluctuations,
driven by weather and climate, also generate
recordable geophysical signals (e.g. GPS, Argus
et al.2014, Fu et al.2015; seismicity, Jiménez &
Garca-Ferndndez2000; gravity, Jacob et al.2010).
This can present a risk of misinterpretation where
the purpose of the geophysical campaigns is to
monitor pre-eruptive or eruptive activity.

This study focusses on geophysical signals
resulting from climatically-driven subsurface wa-
ter mass variations. Mass variations are typi-
cally recorded by gravimetric monitoring cam-
paigns. Therefore, we target this investigation
on exploring gravimetric changes associated with
variations in sub-surface water storage due to
variations in hydrological recharge and hydroge-
ological properties. We assess the potential for
contamination of volcanigenic gravimetric signals
with signals resulting from seasonal and inter-
annual recharge variations that are typical of
tropical climates.

1.1 Gravimetry used in volcanic
monitoring

Gravity measurements are often an important
component of the geophysical monitoring suite
at active volcanoes. Static gravity data can be
used to image and identify structural and compo-

sitional heterogeneities in the subsurface (Haut-
mann et al. 2013). Re-occupying a survey network
over periods of months to decades can provide a
record of mass or density changes over space and
time. Such dynamic, or time-lapse, gravity moni-
toring has been used to track the complex evolu-
tion of volcanic unrest (Gottsmann et al. 2006a,b)
and observe potential eruption precursors (Rymer
1994; Carbone et al. 2003a). Table 1 provides ex-
amples of the amplitude and timescales of ob-
served gravity changes at volcanoes around the
world.

The nature of postulated magma-related
gravity sources varies. Microgravity signals asso-
ciated with eruptive phases at Mt Etna (Italy)
have been attributed to basic magma injection
both within and below the edifice (as summarised
by Budetta et al.2004). In more silicic systems, a
more complex relationship between magma injec-
tion and recorded gravity signals has been sug-
gested. Eggers (1983) proposed that magma in-
jection at Pacaya Volcano, Guatemala generates a
gravity decrease as high density, degassed magma
is displaced by vesiculated, low density magma.
Subsequent degassing and crystallisation of in-
truded magma would result in a density increase
and a positive residual gravity anomaly, as is sug-
gested by Jousset et al. (2000) to explain the
residual gravity signal observed at Merapi in 1993
to 1994.

Gravity surveys are typically combined with
geodetic data to account for gravity changes re-
lated to ground deformation. A number of stud-
ies have used these datasets to distinguish mag-
matic signals from hydrothermal sources of de-
formation, often in large caldera forming systems
(Berrino et al. 1984; Battaglia 1999; Battaglia
et al. 2008). Studies that reveal a residual grav-
ity anomaly after correction for elevation changes
associated with ground deformation often impli-
cate a magmatic source for the signal. For ex-
ample, Battaglia (1999) suggest that intrusion of
silicate magma at Long Valley caldera can ex-
plain both uplift and a residual gravity change
of up to 64 uGal between 1982 and 1998. A
magmatic source for deformation was initially
favoured to explain deformation and gravity rela-
tionships observed at Campi Flegrei in the early
1980s (Berrino et al. 1984). Later studies, how-
ever, have suggested that the deformation be-
tween 1983 and 1984 was due to migration of hy-
drothermal fluids (Battaglia et al. 2006).

The simple assumption that residual gravity
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Table 1. Examples of gravity signal amplitudes and timescale. Note, attempts to account
for water table fluctuation may already be incorporated in the quoted Ag.

Location Time period Ag Timescale Reference

(nGal) (years)
Campi Flegrei 1982-1984 150 2 Berrino (1994)
Mount Etna 2000-2001 80 1 Carbone et al. (2003a)
Long Valley Caldera  1982-1998 64 16  Battaglia (1999)
Merapi 1993-1994 60 1 Jousset et al. (2000)
Montserrat 2007-2008 74 1.5 Hautmann et al. (2010)
Sakurajima 1975-1985 120 10 Yokoyama (1989)
Unzen 1999-2004 79, 70 1,5 Saibi et al. (2010)

anomalies - those that remain after correction for
deformation - are due to magmatic processes can
be questioned, as potential non-magmatic mass
change sources have been identified. A number
of authors have proposed that induced gravity
changes may be due to dynamic behaviour in
the hydrothermal system itself (Gottsmann et al.
2005; Todesco & Berrino 2005; Todesco et al.
2010). To explain short period (less than 1 hour)
gravity variations of up to 20 pGal at Nisyros
caldera, Gottsmann et al. (2005) suggest move-
ment and accumulation of steam pockets. With
addition of other geophysical data records, Gotts-
mann et al. (2007) propose that these gravity cy-
cles are related to deformation associated with
pressure changes within the hydrothermal sys-
tem on Nisyros. Using TOUGH2 fluid-flow mod-
els, Todesco & Berrino (2005) demonstrate that
fluid density changes associated with longer pe-
riod perturbation of the hydrothermal system be-
neath Solfatara, Campi Flegrei may be responsi-
ble for the observed gravity residual fluctuations
in the years after the early 1980s bradyseism.
The importance of understanding the distri-
bution of fluids in the subsurface and the effect
that it has on gravity measurements is now well
acknowledged. Variations in water table eleva-
tion are an important correction during the re-
duction of gravity data (Jachens & Roberts 1985;
Battaglia et al. 2003). However, direct measure-
ments of water table and aquifer storage potential
(porosity), concurrent with gravity surveys, are
rarely available. Assumptions and workarounds
used to mitigate this data deficiency include
spatially and temporally interpolating the wa-
ter table elevation, where some measurements
do exist (Battaglia 1999), and assuming that
the changes in water level are seasonal, secular
and consistent (Carbone et al. 2003a; Budetta
et al. 2004). Some studies simply demonstrate
that the observed gravity signals are too large to

be solely due to water table elevation variations,
estimated from rainfall records and recharge as-
sumptions (Jousset et al. 2000; Hautmann et al.
2009). Budetta et al. (1999) recorded seasonal
gravity variations of 20 pGal (peak to peak)
on Mt Etna. Although this hydrological gravity
signal obscured volcanically induced gravity sig-
nals at distal stations, where the volcanic signals
are smaller, they were still able to distinguish
magma-induced gravity changes in more proximal
localities. Their study demonstrates the impor-
tance of understanding hydrological component
of recorded gravity changes, particularly where
the expected signals of volcanic unrest are small.

1.2 Known hydrological influence

Currently, compensation for hydrological influ-
ences on gravity measurements at active volca-
noes consists of accounting for variations in the
elevation of the water table. This is normally
achieved by representing the water table aquifer
as an infinite slab. Under the infinite slab assump-
tion, the gravity correction due to a change in
water table elevation of 0z, is given by:

Aguwt = 27Gpywddz, (1)

where Ag,: is the water table gravity correction,
G is the universal gravitational constant (6.67 x
10711 mskg*ls%)7 pw is the density of water and
¢ is the effective porosity of the aquifer. However,
even where accurate Agwt estimates are possi-
ble, through concurrent water table and gravity
measurements, this hydrological correction fails
to account for water-mass storage above the wa-
ter table, in perched aquifers and within the un-
saturated (vadose) zone. An increasing number
of studies are using gravity measurements to as-
sess and track water storage changes in the sub-
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surface (e.g. Jacob et al. 2010; Naujoks et al. 2010;
Creutzfeldt et al. 2012; Pfeffer et al. 2013; Hector
et al. 2015). In a survey designed to assess wa-
ter storage changes in karst environments in the
south of France, Jacob et al. (2010) highlight the
importance of mass storage in the vadose zone
on gravity measurements. They suggest that the
potential for mass storage in the epikarst, above
the water table, is significant and in some sites is
responsible for the entire seasonal gravity signal
(Jacob et al. 2009). High precision, superconduct-
ing gravimeter experiments in Moxa, Germany
have revealed seasonal, hydrologically induced,
gravity signals ~ 3 to 4 pGal (Naujoks et al.
2010). However, these signals are often masked
in such sensitive gravimetric data by local hydro-
logical effects, such as water content variations in
the soil and disaggregated bedrock immediately
surrounding the gravimeter (Krause et al. 2009).
In many volcanic settings high permeabili-
ties, combined with high relief, provide a poten-
tial for a deep water table and a relatively thick
vadose zone, on the order of several tens to hun-
dreds of meters (e.g. Yucca Mountain, Nevada,
Klavetter & Peters1986; Hawaii, Ingebritsen &
Scholl1993; Oregon Cascades, Hurwitz et al.2003;
Masaya Volcano, Nicaragua, Pearson et al.2012).
Capillary pressures in unsaturated material can
promote water retention, especially in more fine
grained material. Therefore, a thick vadose zone
can have significant mass storage potential. Such
hydrogeology, coupled with temporally and spa-
tially variable recharge, has the potential to gen-
erate recordable and significant gravity signals in-
dependent of any change in water table elevation.
For example, a change in liquid saturation frac-
tion of 0.2 in the vadose zone with porosity of 0.25
results in a density change (Ap) of ~50 kg/m?.
Using a Bouguer slab approximation (Equation
2) and an estimated vadose zone thickness of h
= 50 m, this change in water saturation would
produce a gravity signal of over 100 uGal.

Ag=2r G Aph. (2)

Even where saturation changes throughout
the subsurface are integrated to provide effec-
tive water table changes, the Bouguer approx-
imation has been shown to be inaccurate, es-
pecially where surface topography is significant
(e.g. Creutzfeldt et al. 2008; Leirido et al. 2009;
Creutzfeldt et al. 2012). By deriving time con-
stants relating rainfall to gravity change, Cross-

ley et al. (1998) developed an empirical method
to correct for saturation and water table changes.
Estimation of the time constants that relate rain-
fall to gravity changes requires regularly sampled
(at least daily) and concurrent, gravity and rain-
fall timeseries for a number of years (e.g. Mouyen
et al. 2013). These time-constants are not neces-
sarily uniform across a gravity survey network;
the collection of many years of continuous grav-
ity data across a 4D time-lapse microgravity net-
work, with many tens of benchmark survey loca-
tions is, unfortunately, not feasible. Here, we cou-
ple hydrological simulations with gravity calcula-
tions to model potential gravity signals associated
with temporal and spatial variations in ground-
water recharge that are typical of a number of
volcanic environments. We detail a method for
converting a finite element distribution of satura-
tion changes into modelled gravity signals. This
method can provide a means to identify and cor-
rect hydrological contributions to recorded grav-
ity signals.

2 METHODS
2.1 Hydrological model

Hydrological simulations are performed using the
TOUGH2 code (Pruess 2004) for an isothermal
system at 25 °C. Two model geometries are pre-
sented here. Type flat have a flat ground surface
at z = 400 m and base at z = —50 m (Fig. 1a).
Type topo incorporates topography, reflecting a
cross-section through Centre Hills, Montserrat, as
an example of a typical volcanic island. Local to-
pographic variations of 100 m are superimposed
on a slope of 700 m across the model domain
(Fig. 1b). For both model types, the domain is
2D axisymmetric about = 0 m. The distal lat-
eral boundary at = 3600 m is open to flow, as
summarised in Fig. 1. The distal boundary condi-
tion is designed to mimic a coastal boundary with
the water table at sea level (z = 0 m). The basal
boundary is closed and the top surface is open to
flow with a gas filled atmosphere (at atmospheric
pressure). Recharge is modelled by generating wa-
ter in the surface cells of the domain.

The domain is discretised into 51,457 cells for
flat models and 41,609 for topo models. In the
axis-symmetric models cell volumes generally in-
crease with radial distance from the axis at =0
(Figs. 2a and 3a). We refine the column widths
below the modelled survey benchmark locations
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Figure 1. 2D model domain for gravity simulations for (a) flat and (b) topo models. All models are axis-symmetric
about z = 0 m. Recharge is simulated by water generation in the cells comprising the ground surface boundary,
which is open to a gas filled atmosphere. The right-hand (distal) boundary is open to flow with hydrostatic
pressure below z = 0 m and atmospheric pressure above. Black inverted triangles represent the six synthetic
gravity survey locations (P1-P6) for which gravity time-series are derived.

from 10 m down to 1.25 m (beneath black in-
verted triangles in Figs. 1 - 3). Cell thicknesses
range from 2 to 10 m. Absolute permeability is
described as an exponential function with depth,
d, after Saar & Manga (2004):

k= koe ™, (3)

where k is permeability in m?, at depth d in me-
tres, relative to the ground surface. kg is the sur-
face permeability (5x107*® m?) and A = 0.004.
Key hydrological properties are described in Ta-
ble 2. In some simulations this basic permeability
distribution is modified to include a low perme-
ability core in the region 0 < z < 1400 m and
—50 < z < 250 m (Figs. 2b and 3b), reflecting the
conceptual model Type 1, described in Hemmings
et al. (2015). This conceptual model cites the
presence of a low permeability core of intrusive
and altered volcanic material to explain high dis-
charge springs at high elevations around the ex-
tinct volcanic complex of Centre Hills, Montser-
rat. The hydrological properties of this region are
defined as “low-k core” in Table 2

2.1.1 Recharge

Recharge, reflecting the proportion of precipita-
tion that enters the groundwater system, is spec-
ified as water generation in the upper-most cells
(below the atmosphere). Volcanic settings are

commonly associated with high relief topography.
There are often strong relationships between el-
evation, precipitation, and associated recharge.
Spatial recharge variation can also be strongly
controlled by evapotranspiration which reflect
natural and anthropogenic changes in land-use
and vegetation distribution. Recharge models can
be used to estimate spatially distributed recharge
rates, accounting for variable precipitation, as
well as temperature and land-use controlled evap-
otranspiration (e.g. Hughes et al. 2008; Hem-
mings et al. 2015). Here, we use recharge model
results for Montserrat, presented in Hemmings
et al. (2015), to define an elevation dependant
recharge rate::

r, =3.15x 10"%2 4+ 0.186, (4)

where 7, is recharge in mm/day at elevation z in
metres above sea level.

Each model scenario is subject to an ini-
tial simulation phase which is run to steady-
state. In this first simulation phase the initially
saturated models drain under constant recharge
to establish a steady-state water table elevation
and saturation condition. The models are then
subject to 100 years of six-monthly and annu-
ally varied recharge. The varied recharge input is
pseudo-synthetic, derived from observations from
Montserrat, where annual rainfall varies spatially
and temporally from 1000 to 3000 mm/yr, and
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Figure 2. flat-type models showing cell volume (a) and permeability distribution (b). a) demonstrates the
increasing cell volume with distance from the axial centre (at x = 0 m). Cell volume is less below the survey
locations (black inverted triangles) as the cell width is reduced to 1.25 m. Cell thickness is reduced from 10 m to
2 m in the upper 100 m of the domain and at 0 < z < 100 m. Permeability in b) reduces exponentially with depth
(d), according to Equation 3. The plot here includes a low permeability region (low-k core) at 0 < z < 1400 m

and —50 < z < 250 m.

recharge from <50 to >2000 mm/yr. A series
of 100 annual factors are generated from ran-
dom gaussian distribution, based on the mod-
elled annual variation in the recharge for Montser-
rat (Hemmings et al. 2015), with standard de-
viation of 0.5 about a mean of 1. The recharge
rate in each cell, as defined by Equation 4, is
multiplied by the same series of annual factors,
producing a 100 year varied recharge input for
each surface cell. We also explore the effect of
seasonality of recharge on subsurface saturation
by superimposing a regular seasonal variation,
whereby 15% of the annual recharge is assigned
evenly across the first six months of each year and
85% evenly across the second six months. This is
achieved by adjusting the annual recharge rate to
a six-monthly step function; the total volume of
recharge for each year is preserved.

Eight contrasting model scenarios are sim-
ulated, exploring the effects of topography and
spatially varied recharge on the gravity signal
at the surface. The differences between these
model scenarios are summarised in Table 3.
For model flatl and flat2, the recharge rate
is consistent across all surface cells. The ini-
tial steady-state recharge rate is 1.44 mm/day
(525 mm/yr, 1.66x107° kg/s/m?). The 100 year
variable recharge time-series is displayed in Fig. 4.

Models topol, topo2 use the same spatially uni-
form recharge rate, neglecting the elevation con-
trol on recharge. In models topo3 and topo4, the
recharge rate in each surface cell varies with eleva-
tion, according to Equation 4. The same spatial
recharge variation is forced on the ‘flat’ models
flat3, flatd. In the models with spatially varied
recharge, the phase of the 100 year recharge time-
series is consistent across the surface and only the
amplitudes of the recharge rate differs between
recharge cells.

2.1.2  Simulation time-steps

The time steps during the flow simulations are
automatically adjusted, depending on the con-
vergence rate of the Newton-Raphson iterations
used to solve the nonlinear, coupled flow equa-
tions. The during our simulations the time-step
ranges from 1 second to an enforced maximum
of 25 days. Time step lengths are modified to
honour the time of generation rate changes. The
mean and modal time-step length for each simu-
lation range from 4.7 to 18.9 days, and 1.5 to 23.5
days, respectively. The mean time-step length of
all simulations is 8.9 days. To prevent aliasing of
saturation changes when formulating the gravity
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Figure 3. topo-type models showing cell volume (a) and permeability distribution (b). a) demonstrates the
increasing cell volume with distance from the axial centre (at = 0). Cell volume is less below the survey
locations (black inverted triangles) as the cell width is reduced to 1.25 m. Cell thickness is reduced from 10 m to
2 m in the regions where 250 < z < 400 m and 0 < z < 100 m. Permeability in b) reduces exponentially with depth
(d), according to Equation 3. The plot here includes a low permeability region (low-k core) at 0 < z < 1400 m

and —50 < z < 250 m.

signal, the modelled saturation data is outputted
at least once every 3 months.

2.2 Gravity formulation

Leirido et al. (2009) present a detailed method
for converting three-dimensional finite-difference
hydrological model results into simulated grav-
ity changes. Their method, also adopted by Pic-
colroaz et al. (2015), calculates the contribu-
tion of each element to the simulated gravity
change at any given point by using either in the
a prismatic volume-mass approach (after, Nagy
1966), the MacMillan equation (Creutzfeldt et al.
2008) or a point-mass solution. Both the prism
and MacMillan equations incorporate informa-
tion about the dimension or shape of the ele-
ments. Which method is used for each element is
related to the shape of the element and the dis-
tance to the simulated gravity survey point. The
relatively computationally intensive prism equa-
tion is used for the most proximal elements, the
point-mass equation for the most distal, and the

MacMillan equation is used for intermediate ele-
ments.

Similar to the approaches outlined by Leirido
et al. (2009), we develop a method for calculat-
ing the gravity signal at a given surface location
(P) that results from the distribution of mass
throughout the entire model domain. Our ap-
proach is an extension of the point-mass method.
Apart from computational efficiency, the advan-
tage of the point-mass method for our purposes
is geometrical flexibility; it allows the calculation
of simulated gravity changes from linear and ax-
isymmetric two-dimensional hydrological models.

The contribution of each element (¢), with
density p;, centred at cylindrical coordinates
(i, 23), to the gravity measurement recorded at
P(ayp, zp) is calculated by considering the element
as a ring centred on @ = 0 (Fig. 5). The ver-
tical component of gravitational acceleration (in
m/s?), recorded at point P, associated with a ring
of radius «;, radial thickness do and elevation
thickness dz, is defined by integrating around the
ring for angles 0 < 6 < 27 radians:
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Table 2. Permeability, porosity and van Genuchten (capillary pressure and relative permeability)
parameters (o, m,S;, and Sgr) used in simulations. « is related to air-entry pressure, and m to
pore size distribution. Sj,. and Sy, are residual liquid and gas saturations, respectively. The models
implement the modified van Genuchten curves of Luckner et al. (1989) and incorporate the method
of Webb (2000) which uses a logarithmic extension of the capillary pressure curve for saturations

below Sp,. + €.
Material ~ Permeability (ko) (m2) Porosity o« (MPa™1) m Sir Sgr €
main 5x10~13 0.34 200 0.85 0.1 0 0.001618
low-k core 1x10-16 0.1 200 085 01 0  0.001618
Table 3. Summary of differences between model sim- symmetty axis a P(a,z,)

ulations. flat-type models have uniform ground sur-
face elevation at 400 m (see Figs la and 2) and are
denoted by horizontal line in topography column. The
top surface of topo-type models is based on a topo-
graphic profile through a typical volcanic arc island
(see Figs 1b and 3) as denoted by the profile line in
the topography column. Horizontal lines and profile
lines in the Recharge column reflect spatially homoge-
neous and elevation dependant recharge, respectively.
A checkmark in “low-k core” column indicates that
the simulation includes a low permeability unit in the
region 0 < 2 < 1400 m and —50 < z < 250 m.

Simulation  Topography Recharge low-k

core
flatl X
flat2 v
topol T X
topo2 T v
flat3 e (
flatd — T v
topo3 T T X
topod T T v
2m ( )
) _ o Zp — Zi
gi(P) = Gplozldadz/is(e)3 do, (5)
0

where s(0) is a function defining the distance
between benchmark survey location and each el-
emental component on the ring:

5(0) = (al2 —2a;apc080 —1—0412) +(zp— 21)2)% . (6)

The total gravity change recorded at point
P due to a change in mass or density within the
model is calculated by summing the contribution
of all the elemental rings:

L

plan view

Figure 5. Geometrical illustration of the gravity due
to an elemental ring, centred at o = 0 and elevation
z;, with radius «;, elevation thickness dz and radial
thickness da, recorded at point P. S(0) is the distance
from P to any point on the ring and is defined in
Equations 6.

Ag(P, At) = GZ Z a; Ap; da dzi (zp — 2i)

27

Nl

/ 1 "
0 (a2 = 2a;apc080 + o + (2p — 2:)?)

(M
For the purpose of modelling gravity changes

due to water-mass storage, the change in density
of an element is defined by:

Api = ASiipwdi (8)

where AS); is the change in liquid saturation, p,,
is the density of water and ¢; is the porosity of
the cell <.

Equations 7 and 8 are used to compute the
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Figure 4. Synthetic generation rate time-series for cell at 400 m elevation.

gravity signal created by temporal variations in
saturation at 6 survey locations on the surface of
the model domain (black inverted triangles in Fig.
1). For comparison, we also compute the gravity
correction (Agwt, Equation 1) associated with the
modelled change in the water table elevation be-
low each survey location. Modelled gravity signals
are presented in pGal (1 pGal =1 x 107% m/s?).

3 RESULTS

Each model scenario simulation (Table 3) results
in a 100-year Ag time-series at every survey loca-
tion (P1-P6). All model scenarios produce a vari-
ation in Ag of over 150 pGal during the 100 years
of varied recharge for at least one survey location.
The simulations produce a maximum Ag between
55-60 years and 65-70 years and a minimum Ag
between 85 and 95 years, with respect to a value
of Ag = 0 at time zero. The minimum and maxi-
mum of each simulated time-series is displayed in
Fig. 6 and in tabular form in Table ?7?.

The gravity signals in simulations flatl and
flat2, without spatially variable recharge and
with flat topography, are similar for each simu-
lated survey location. (e.g. flat2, Fig. 7). Con-
sequently, the minimum and maximum gravity
changes in the 100 years of simulation are rela-
tively consistent for survey locations P1-P6 (Fig.
6). The model scenarios that incorporate topog-
raphy and/or the spatially varied recharge input
demonstrate more gravity signal variability be-
tween different survey locations (e.g. topo4, Fig.
8). Signal amplitudes are greater for the stations
closer to the axis.

Compared to the spatially uniform recharge

== Pl == P2 == P3 == P4 P5 == P6

1] ll“

00- g ] g ] g ] g I
flatl flat2 topol topo2 flat3 flat4 topo3 topo4d
Model

Minimum and maximum Ag (uGal)

Figure 6. Minimum and maximum of simulated grav-
ity signals at the 6 survey locations (P1-P6) for each
model.

scenarios (flatl, flat2, topol and topo2),
recharge is higher towards the axial boundary of
the spatially varied scenarios (flat3, flat4, topo3
and topo4). As a result, the magnitude of the tem-
poral variation is also higher. Similarly, recharge,
and therefore the magnitude of storage variations,
is lower in surface cells towards the distal bound-
ary in these models (where elevation is lower).
This contributes to higher Ag amplitudes for the
more axial stations in models flat3, flat4, topo3,
and topo4. The presence or absence of a core with
low permeability and porosity appears to have a
very limited effect on the simulated gravity sig-
nals in these models, although it does raise the
water table by up to 135 m in the interior of the
model. Modelled Ag time-series for all scenarios
are presented in Appendix ?? (Figs. 77 to ?7?).
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Figure 7. Results from simulation flat2. Step in water table at  ~ 1400 m in a) is due to low permeability unit.
Solid line in b) is the gravity signal calculated based on the distributed changes in saturation (Equations 7 and
8). The dashed line for P1 and P2 represents the commonly applied correction, based on water table elevation
(Equation 1). Poor resolution in the model below P3 to P6 at the elevation of the water table causes large step
artefacts in the water table correction; therefore, it is not displayed.
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Figure 8. Results from simulation topo4. Step in water table at © ~ 1400 m in a) is due to low permeability
unit. Solid line in b) is the gravity signal calculated based on the distributed changes in saturation (Equations 7
and 8). The dashed line for P1 to P3 represents the commonly applied correction, based on water table elevation
(Equation 1). Poor resolution in the model below P4 to P6 at the elevation of the water table causes large step
artefacts in the water table correction; therefore, it is not displayed.
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4 DISCUSSION

The flow simulations with 100 years of variable
recharge presented above display appreciable and
recordable changes in gravity, on the order of 10s
to 100s of pGal. The results indicate that to-
pography, even in the absence of any associated
spatial recharge variation, can produce signifi-
cant spatial variations in gravity changes (com-
pare P1 and P6 in models topol and topo2, Figs.
?? and ?77?). This is related to differences in va-
dose zone thickness, induced by high topographic
relief, and relatively high and homogeneous per-
meabilities. The vadose zone thickness at P6 in
the topographic models is just 20 m, compared
to between 300 and 400 m at P1 and P2 (with
and without the lower permeability core, respec-
tively). With the relatively thin vadose zone be-
neath P6, recharge reaches the water table rela-
tively quickly; from here it is transported later-
ally rather than stored, and the recharged mass
has less effect on the gravity recorded at a fixed
location on the surface. The mass storage poten-
tial beneath the survey location is relatively low
and therefore the amplitude of the gravity sig-
nal is low, compared to P1. The tendency for
vadose zone thickness to correlate with elevation
means that gravity changes associated with satu-
ration variations are likely to be stronger towards
volcano summits, potentially mimicking the spa-
tial patterns commonly associated with magmatic
signals. Spatial variations in recharge and storage
also have a strong control on spatial differences
in modelled gravity. The amplitude of the grav-
ity signal is largely dependent on the magnitude
of the temporal recharge variation. Compare, for
example, the results from the flat model with spa-
tially varied recharge (flat3 and flatd, Figs. 77
and ?7?) to those with spatially uniform recharge
(flatl and flat2, Figs. 7?7 and 7).

The modelled gravity changes are dominated
by inter-annual recharge variations. The seasonal
gravity fluctuations are generally low amplitude
(< 10 pGal ). Small seasonal gravity varia-
tions are comparable with early estimates from
Mount Etna (Sanderson 1982), however, more re-
cents studies suggest that the seasonal hydro-
logical component of gravity measurements from
Etna may be on the order of 20 pGal (Budetta
et al. 1999; Carbone et al. 2003b). None of the
model scenarios presented here produce seasonal
changes of that magnitude. However, it may be
possible to generate such signals under alterna-

tive hydrological regimes that are not investi-
gated in this model suite.

4.1 Comparison to common water table
correction

Correction of gravity signals for hydrology, us-
ing Equation 1, most commonly involves some
estimate of water table elevation changes (0z).
More rarely, direct measurements of dz are used.
In our simulation we calculate this correction, un-
der the idealised scenario of knowing ¢z beneath
each survey location, through time. We can com-
pare this water table correction with the modelled
distributed gravity signal that also incorporates
vadose zone mass changes.

Unfortunately, evaluation of §z in the mod-
els, and therefore the estimation of the associated
gravity correction, is limited by the vertical reso-
lution of the models cells at the level of the water
table. Where cell thickness at the water table is
coarse (10 m), the apparent water table elevation
in the model can jump as cells cross a threshold
between saturated and unsaturated conditions.
The associated gravity correction (Equation 1) is
sensitive to this artefact and direct comparison
with the distributed saturation calculation is not
appropriate. The result of this calculation is only
displayed where the modelled water table coin-
cides with finer cell thickness (2 m). In these cases
it is possible to compare the axis-symmetric dis-
tributed gravity calculation with the water table
correction (Equation 1). For the flat topography
models (flat-type) the distributed gravity calcu-
lation matches the water table correction well (e.g
P1 and P2 in Figs. 7b). However, for models with
topography (topo-type) the water table exhibits a
phase-lag of ~ 5 yrs compared to the distributed
gravity calculation (e.g. P1 - P3 in Fig. 8b). With
this phase-lag the water table correction miss-
corrects by up to 100 puGal.

4.2 Relative gravity changes

In order to correct for instrument drift and large
spatial scale gravity variations, it is common to
record gravity changes relative to a reference site
or base station. In order to mimic this tech-
nique we calculate relative gravity signals using
the most distal station (P6) as the reference site.
The reference time-series is subtracted from the
signal from the other stations to provide time-
series of relative gravity changes. The minimum
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Figure 9. Minimum and maximum of simulated grav-
ity (grey-scale) and relative gravity (colour) signals at
the 6 survey locations (P1 - P6) for each model.

and maximum of each relative gravity time-series
is displayed in Fig. 9 and in tabular form in Table
?7?. The relative gravity time-series for flat2 and
topo4d are presented in Figs 10 and 11; relative
gravity time-series plots for the remaining simu-
lations are provided in Appendix 7?7 (Figs. 77 -
77?).

Calculating relative gravity, with P6 as the
reference station reduces the signal amplitude
produced by the recharge variation for all sta-
tions in all the simulations. The effect is most
significant for the flat models, with spatially uni-
form recharge (flatl and flat2, e.g. Fig. 10). For
topo3 and topod the Ag signal is low amplitude at
P6 and the relative gravity reduction has limited
effect on the gravity change signal for each sta-
tion (e.g. Fig. 11). For these scenarios, with to-
pography and spatially varied recharge, relative
gravity changes still reach 100 - 150 uGal during
the 100 year simulation.

The suite of scenarios investigated here
demonstrates that when there are spatial vari-
ations in recharge and storage potential, espe-
cially between survey sites and the reference lo-
cation, calculating relative gravity does not effec-
tively remove the signal associated with tempo-
rally varied recharge. Importantly, in the models
presented here, the phase of the input recharge
signal is consistent across the surface. As a result,
the modelled gravity changes over time at each
station are also in-phase. Where spatial variations
in recharge and storage potential are more com-
plex, and the temporal variations across the sur-
vey sites are not necessarily in-phase, the calcula-

tion of relative gravity changes could introduce an
erroneous signal. Spatially complex recharge and
storage potential is not uncommon in high relief
volcanic regions. Additionally, reference stations
are often necessarily distal, or, as can be the case
on small volcanic islands, they may be located on
a different island with a very different hydrogeo-
logical regimes.

4.3 Implications for gravity surveys

The simulations presented here demonstrate that
temporal and spatial hydrological recharge vari-
ations can generate recordable gravity changes.
However, in order to assess the implications of
recharge-induced signals on gravity monitoring
surveys, it is important to consider the timescales
of these signals relative to the timescales of the
surveys.

Continuous gravity records of over long time
periods are rare, but some do exist with lengths
on the order of years (e.g. Budetta et al. 2004;
Jousset et al. 2000). More common continuous
gravity surveys in volcanic environments are at
short timescales of hours to days (e.g. Gottsmann
et al. 2007). The timescales of the flow investiga-
tions here do not provide insights on such short
timescales. The most widely used gravity survey
technique is discrete reoccupation of a survey net-
work at intervals on the order of weeks, months
and years (e.g. Carbone et al. 2003a; Hautmann
et al. 2010). Such studies attempt to interpret
the changes in the gravity signal that occur on
the timescales of the reoccupations. Table 1 pro-
vides examples of the gravity change amplitudes
recorded at volcanoes experiencing unrest (60 -
150 pGal). Also provided are the timescales that
the changes are recorded over by volcano moni-
toring campaigns (1 - 16 years). Gottsmann et al.
(2005) highlight the issue of the Nyquist fre-
quency for dynamic gravity surveys; only signals
with a period greater than two times the occupa-
tion interval can be unambiguously resolved. The
propagated uncertainty of measurements from in-
dividual stations within a typical dynamic gravity
volcano monitoring network can be up to 10 pGal
(Battaglia et al. 2008; Hautmann et al. 2010).

To illuminate the amplitude of our modelled
gravity changes, over typical field campaign in-
tervals, we calculate changes over 1, 2, 5 and 10
year windows, rolling over every data point in the
modelled gravity time series. Performing this op-
eration, over these four campaign intervals (At)
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Figure 10. flat2 relative gravity change time-series (thick black lines). Relative gravity change at Pn (n =
1,2,...,6) are calculated with P6 as the reference station by Ag’? = AgP™ — AgP6. AgP™ is shown as the thin

rel —

solid line on each plot; AgP®, the reference signal, is shown by the thin dashed line. As P6 is the reference station

AgPn =0 for that station.

on the gravity change times series (f(t)=Ag(t))
results in four discrete-time-type derivative time-
Af()

series (=%,;~) which can be described by:

Af()
At

= f(t+ At/2) — f(t — At/2). (9)

Using the discrete-time derivatives we can as-
sess the statistical probabilities associated with
the magnitude of gravity changes recorded over
campaign intervals of 1, 2, 5 and 10 years. We
compute distribution and exceedance probabil-
ities for |Ag| over these fixed time intervals.

Fig. 12 shows the derivative time-series and ex-
ceedance probability plots for model topo4. If two
gravity readings, one year apart (At = 1 yr), were
made at site P1 during our 100 year simulation,
the probability that |Ag| would exceed 25 pGal
is 17 %. If the interval between campaigns is 10
years, the 25 uGal exceedance probability is 60 %.
This analysis for model topo4 suggests that |Ag|
recorded at typical campaign intervals can exceed
50 pGal for 1 year, 70 uGal for 2 years, 100 pGal
for 5 years and 160 puGal for 10 years. However,
the majority of the changes recorded at station P1
over these windows would be 6 - 20, 10 - 30, 10 -
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Figure 11. topo4 relative gravity change time-series (thick black lines). Relative gravity change at Pn (n =
1,2, ...,6) are calculated with P6 as the reference station by Agl’? = AgP™ — AgP6. AgP™ is shown as the thin
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solid line on each plot; AgP6, the reference signal, is shown by the thin dashed line. As P6 is the reference station

AgPm = 0 for that station.

rel —

45 and 15 - 60 uGal, respectively (Fig. 13). Table
4 illustrates that hydrologically induced gravity
changes modelled at P1 of model topo4 are un-
likely to produce the amplitude of gravity changes
on the timescales provided as examples in Table
1. However, where the time intervals between sur-
veys are large and the gravity changes are low
there is increased potential of recording hydro-
logically induced gravity changes and misinter-
preting them as volcanic signals. The equivalent
figures for models flatl to flat4 and models topol
to topo3 are provided in Appendix 7?7, Figs. 77 to
??

Table 4. Probability of exceeding (Prob.Ex.) the Ta-
ble 1 gravity change amplitudes under the hydrologi-
cal scenario simulated at P1 in topo4

Location Ag Timescale Prob.Ex.

(uGal)  (years) (%)
Campi Flegrei 150 2 0
Mount Etna 80 1 0
Long Valley Caldera 64 16 33
Merapi 60 1 0
Montserrat 74 1.5 0.5
Sakurajima 120 10 5
Unzen 79,70 1,5 0,8.1
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Figure 12. topo4 gravity signals over 1, 2, 5 and 10 year time-series (lower-left subplots), together with exceedance
probability (right-hand subplots) for gravity changes over these campaign intervals.

The geometry, hydrology and recharge varia-
tions in the simulations presented here are based
on data and observations from the sub-tropical
volcanic island of Montserrat. The results clearly
have implications for gravity surveys of a num-
ber of volcanic systems with similar recharge
regimes to Montserrat. Our results suggest that
time-lapse gravity surveys are still a relevant and
valuable volcano monitoring tool. However, we
demonstrate the importance of understanding the
hydrological dynamics when interpreting gravity
signals, especially where large temporal and spa-
tial recharge variations exist. The magnitude of
inter-annual recharge variations have a critical

control on the amplitude of hydrologically in-
duced Ag signals. An additional suite of models
has shown that hydraulic properties also exert
a control on the amplitude of water-mass stor-
age variations resulting from fluctuating recharge
(Hemmings 2014). For example, lower permeabil-
ity slows the transfer of recharging groundwater,
producing low frequency but large amplitude Ag
signals. Conversely, porosity has the opposite ef-
fect; lower porosity reduces storage capacity but
also promotes rapid saturation variations, and
therefore more rapid water migration through
the vadose zone, producing lower amplitude but
higher frequency Ag signals.
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Figure 13. Boxplot of gravity changes over 1, 2, 5 and
10 year campaign intervals for model topo4. The boxes
cover the second and third quartile, with the median
gravity change is marked by a red line. Whiskers cov-
ers the range between the 5th and 95th percentile.
Outliers, marked by crosses are outside this range.

4.4 Dynamic gravity survey
recommendations

The insights gained from the numerical simula-
tions presented here allow us to provide some
recommendations for performing and interpreting
dynamic gravity surveys in areas where spatial
and temporal hydrological variations are likely to
be present.

(i) Collect data on water table elevation and
rainfall variability.

(ii) Incorporate continuous gravimeter data,
where possible, to test reference station stability
and response to rainfall fluctuations.

(iii) Perform frequent reoccupations and at-
tempt to illuminate relationships between Ag and
seasonal/inter-annual rainfall variation.

(iv) If possible, perform numerical fluid-flow to
Ag simulations, such as those presented here, to
assess the potential magnitude of hydrologically
induced Ag signals, and ideally correct for dis-
tributed water-mass storage changes above and
below the water table. A priori information on
the distribution of hydrogeological heterogeneity
can and should be be incorporated into the flow
models.

4.5 Broader relevance for geophysical
monitoring

The combined fluid-flow and gravity simulation
results presented here also have implications for
other geophysical volcano monitoring techniques
that are sensitive to hydrological flow and fluctua-
tions. Saturation has a strong control on electrical
properties of the subsurface. A common assump-
tion is that electrical resistivity is proportional
to S; ", following Archie’s law (Archie 1942). Al-
though a number of studies have demonstrated
that the relationship between electrical resistiv-
ity and saturation is more complicated, order of
magnitude scale resistivity changes are regularly
observed over the saturation ranges produced by
our models (e.g. Frohlich & Parke 1989; Knight
1991; Khalil & Monterio Santos 2009).

Mass storage variations, such as those pre-
sented in these models, also produce geomechan-
ical loading effects that can generate geodetic
deformation signals. Hydraulic (un)loading ef-
fects related to seasonal, and longer term vari-
ations in rainfall, snowfall, snowpack thickness,
and groundwater abstraction have been impli-
cated in fluctuating GPS signals recorded in Cal-
ifornia (Argus et al. 2014; Amos et al. 2014) and
the Cascades (Fu et al. 2015). Equivalent wa-
ter table changes on the order of 0.5 m, simi-
lar to our simulations, have been linked to verti-
cal ground surface oscillations on the order of 10
mm in the Californian mountains (Argus et al.
2014). Whether related to stress field changes
associated with seasonal loading or lubrication
of faults by groundwater, seasonal seismicity has
also been reported in the literature (e.g Jiménez
& Garca-Ferndndez 2000). Regular seasonal geo-
physical signals are relatively easy to identify and
can be filtered out of monitoring data. However,
the results we present here suggest that inter-
annual recharge variations can generate higher
amplitude saturation fluctuations. The geophysi-
cal signals associated with these inter-annual fluc-
tuations are not necessarily predictably cyclical.
Such signals are therefore less easily identified in
monitoring data and can be difficult to remove us-
ing standard signal processing techniques alone.

When interpreting geophysical monitoring
signals, care should be taken to ensure that non-
cyclical hydrological fluctuations are not mis-
interpreted as geological or volcanic signals. This
study indicates that the magnitude of a hydro-
logical contribution to a geophysical monitoring
signal will be site-specific; dependent on local cli-
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mate and weather variations, hydrogeology, and
the amplitude of the geophysical signal of inter-
est. Incorporating numerical flow modelling into
geophysical monitoring campaigns may be useful
for assessing the likelihood of hydrological con-
tamination of a particular geophysical monitoring
record.

5 CONCLUSIONS

The flow simulation scenarios investigated here
demonstrate that wvariations in groundwater
recharge can generate changes in subsurface mass
distributions that are large enough to produce
recordable gravity signals. Inter-annual recharge
variations dominate modelled gravity changes,
with signals on the order of 10s - 100s of puGal.
Gravity changes result from mass (saturation)
changes within the vadose zone as well as wa-
ter table elevation changes. Spatial variations in
recharge can generate significant spatial differ-
ences in recorded gravity changes, which are suffi-
cient to produce artefacts in relative gravity mea-
surements.

For the 100-year varied recharge simulations
explored here, the probability of recording ex-
ceptionally large gravity changes between typical
monitoring campaigns is relatively low. However,
we have demonstrated that recordable gravity sig-
nals, on the order of 10s of Gal can be generated
by simple and not atypical variations in recharge.
This demonstrates the importance of understand-
ing spatial and temporal groundwater behaviour
when interpreting gravity signals in monitoring
locations where the hydrology is dynamic.

Numerical fluid-flow models present a valu-
able tool for investigating and estimating the ef-
fect of hydrological processes on gravity measure-
ments. As such, the simulations and work flow
presented here can provide a method for assessing
the potential for hydrologically generated gravity
signals and correcting for them, where necessary.
The approach presented here can also be adapted
to explore potential hydrological contributions to
other geophysical monitoring signals.
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Table Al. Minimum and maximum gravity changes simulated at P1 - P6 for the 8 model scenarios simulated
here.

Pl Ag P2 Ag P3 Ag P4 Ag P5 Ag P6 Ag

nGal nGal nGal nGal pGal nGal
Simulation min. max. min. max. min. max. min. max. min. max. min. max.
flatl -72 104 -74 72 -84 76 -92 70 -96 62 -91 53
flat2 -95 55 -94 53 -90 51 -103 72 -99 65 -92 53
topol -110 84 -115 84 -110 79 -95 60 -51 41 -42 36
topo2 -119 7 -124 73 -116 69 -101 61 -51 43 -41 36
flat3 -138 88 -116 107 -114 86 -97 74 -55 44 -31 30
flat4 -134 73 -134 76 -114 66 -111 75 -59 48 -34 32
topo3 -153 108 -158 104 -139 93 -97 60 -24 27 -10 13
topod -161 103 -165 95 -142 85 -106 61 =27 31 -10 15

Table B1l. Minimum and maximum relative gravity changes simulated at P1 - P6 for the 8 model scenarios
simulated here. With P6 as the reference station.

P1 Ag P2 Ag P3 Ag P4 Ag P5 Ag P6 Ag

nGal nGal pnGal nGal nGal nGal
Simulation min. max. min. max. min. max. min. max. min. max. min. max.
flatl 0 56 -10 30 -18 27 -22 21 -14 -13 0 0
flat2 -9 7 -9 8 -10 14 -26 22 -18 14 0 0
topol =77 53 -82 53 =77 48 -66 37 -29 25 0 0
topo2 -86 44 -91 44 -83 40 -72 37 -28 27 0 0
flat3 -121 64 -93 80 -91 56 -74 44 -25 15 0 0
flat4 -117 53 -117 54 -97 49 -83 46 -28 16 0 0
topo3 -146 97 -150 92 -131 82 -89 47 -18 17 0 0
topod -157 93 -162 85 -138 75 -97 48 -20 20 0 0
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