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1 INTRODUCTION

SUMMARY

We use a Bayesian formalism combined with a grid node discretization for the linear inversion
of gravimetric data in terms of 3-D density distribution. The forward modelling and the
inversion method are derived from seismological inversion techniques in order to facilitate joint
inversion or interpretation of density and seismic velocity models. The Bayesian formulation
introduces covariance matrices on model parameters to regularize the ill-posed problem and
reduce the non-uniqueness of the solution. This formalism favours smooth solutions and allows
us to specify a spatial correlation length and to perform inversions at multiple scales. We also
extract resolution parameters from the resolution matrix to discuss how well our density
models are resolved. This method is applied to the inversion of data from the volcanic island
of Basse-Terre in Guadeloupe, Lesser Antilles. A series of synthetic tests are performed to
investigate advantages and limitations of the methodology in this context. This study results in
the first 3-D density models of the island of Basse-Terre for which we identify: (i) a southward
decrease of densities parallel to the migration of volcanic activity within the island, (ii) three
dense anomalies beneath Petite Plaine Valley, Beaugendre Valley and the Grande-Découverte-
Carmichaél-Soufriere Complex that may reflect the trace of former major volcanic feeding
systems, (iii) shallow low-density anomalies in the southern part of Basse-Terre, especially
around La Soufriére active volcano, Piton de Bouillante edifice and along the western coast,
reflecting the presence of hydrothermal systems and fractured and altered rocks.

Key words: Inverse theory; Gravity anomalies and Earth structure; Volcanic hazards and
risks.

tion in weighting matrices (e.g. Green 1975; Li & Oldenburg 1998;
Boulanger & Chouteau 2001). Looking for compact solutions can

Geophysical imaging of volcanoes and volcanic islands is a partic-
ularly challenging exercise because of their structural complexities
and potential difficult accesses. Distribution of geophysical data is
usually uneven and often displays large gaps such as over the high-
est peaks. Geological constraints that would help the interpretation
are often lacking. On the other hand, interpretation of geophysical
data is complicated by the effect of the rugged topography, the 3-D
geometry of structures, and the existence of strong heterogeneities
in the subsurface. In addition, inversion of gravimetric data suf-
fers from the intrinsic non uniqueness of the solution. Nevertheless,
gravity inversions have been widely used in volcanic areas and gave
convincing results about the structures of the edifices. To do so,
authors used diverse approaches to regularize the inverse problem
and achieve uniqueness.

A common strategy to invert gravity data is to produce smooth
density models by including different types of a priori informa-

also be used as a constraint with criteria of minimum volume (Last &
Kubik 1983) or minimum moment of inertia (Guillen & Menichetti
1984). Another method is to fix the density contrasts and seek for ge-
ometrical features such as interfaces or extent and shape of causative
bodies (e.g. Pedersen 1979; Barbosa & Silva 1994; Camacho et al.
2000). These different regularization methods have been applied to
many volcanic areas. Camacho et al. (1997) used probability den-
sity functions as in Tarantola & Valette (1982) to obtain a smooth
model of Sdo Miguel island (Azores). Cella et al. (2007) followed
the method proposed by Li & Oldenburg (1998) adapted for their
data sets from the Somma-Vesuvius volcano (Italy). Linde et al.
(2014) successively minimized L2 and L1 norms to recover sharp
transitions within the Stromboli volcano (Italy) in addition to a first
smooth model. In other studies, authors predefined density contrasts
and sought for interfaces (Camacho et al. 2011) or shapes (Mon-
tesinos et al. 2006; Camacho et al. 2007, 2009; Represas et al. 2012).

562 © The Authors 2016. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. Left: Lesser Antilles map with bathymetry and shaded topography. Inner and outer arcs from Bouysse e al. (1988). Right: Basse-Terre island,
Guadeloupe. Gravimetric data are indicated and sorted based on the first reference that used each data set—C. 1975 (Coron ef al. 1975), B. 1984 (Barthes et al.
1984), G. 2005 (Gunawan 2005), M. 2011 (Matthieu et al. 2011) and Domoscan 2012 (new data from the 2012 campaign detailed in Section 4.2). Line aa’
(resp. bb’) shows the location of the sections of Fig. 3 (resp. Fig. 2). Squares indicate reference absolute gravity measurements (see Section 4.2).

This solution is appropriate when looking for particular structures
such as dykes or layers.

In this paper, we adopt a Bayesian regularization approach com-
bined with a grid node discretization of the space to linearly invert
for 3-D density distributions. The Bayesian approach has also been
used to introduce a priori knowledge on the density distribution
(Boulanger & Chouteau 2001; Shamsipour et al. 2010) together
with grid discretization (Marcotte et al. 2014). The parametrization
of the problem and the inversion method are derived from seismo-
logical traveltime inversion techniques in order to facilitate joint
inversion or comparison of density and seismic velocity models
(e.g. Onizawa et al. 2002; Tiberi et al. 2003; Maceira & Ammon
2009). In particular, the formulation includes smoothing via explicit
correlation functions that control the wavelengths of the recovered
features and allow for multi-scale interpretation of the non-unique
problem. The purpose of this paper is twofold. First, we detail and
improve the approach for the inversion of gravity data that was
used by Coutant et al. (2012) in a joint inversion scheme of seismic
traveltime and gravimetric data. Second, we show that the method-
ology is useful for the inversion of gravity data alone using both
synthetic and real data sets from the volcanic island of Basse-Terre
in Guadeloupe.

The Guadeloupe archipelago is located in the Lesser Antilles arc
resulting from the subduction of the Atlantic oceanic lithosphere
beneath the Caribbean plate (Fig. 1, left). Basse-Terre is the main
volcanic island of Guadeloupe and hosts the Soufriére active vol-
cano, whose last magmatic eruption is dated around 1530 A.D.
(Boudon et al. 2008). Since then, five series of phreatic eruptions
occurred with the last one in 1976-1977 (e.g. Komorowski et al.

2005). Despite the numerous geological and geophysical studies
performed on Basse-Terre island (e.g. Coron et al. 1975; Dorel
etal. 1979; Brombach et al. 2000; Feuillet et al. 2002; Komorowski
et al. 2005; Samper et al. 2007; Gailler et al. 2013; Mathieu et al.
2013), very few of these studies brought constraints on the struc-
ture of the island at depth and no 3-D density model has yet been
published. Our inverse methodology is well-designed to overcome
difficulties associated to the rugged topography of the island, the
3-D geometry of structures at depth, and the uneven distribution
of data with measurement errors (Fig. 1, right). Before applying
the methodology to the volcanic island of Basse-Terre, we designed
synthetic data sets sharing similar characteristics with the real gravi-
metric data set of Basse-Terre in order to assess the advantages and
limitations of the approach.

The paper is organized as follows: the second section details the
gravity inversion methodology we use, the third section shows tests
of'the inversion on synthetic data sets and the fourth section presents
the inversion of real data from the volcanic island of Basse-Terre
and discusses the results with respect to the local geology and other
geophysical studies.

2 METHODOLOGY

2.1 Formulation of the problem

Our objective is to invert for a 3-D heterogeneous distribution of
density in a volume J given the observed vertical gravity field. As
detailed in Section 2.2, the density p is discretized at nodes in the
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volume ¥ and is related to the produced gravimetric field g by the
linear expression:

g=Gp (1

where G is the sensitivity kernel matrix.

Since we observe the gravity field resulting from the whole ro-
tating Earth, we need to isolate the contribution of local density
heterogeneities. To do so, corrections are traditionally applied to
gravity observations to obtain the residual Bouguer anomaly Ag,.,
expressed here using notations similar to Blakely (1995):

Agrcs:gobs_go_gfa_gb_grcg (2)

where g ;. is the observed gravity, g, the theoretical gravity field
predicted for a reference geodetic system, gy, the free air correction
accounting for the variations of distance from the reference ellip-
soid, g, the Bouguer correction that corrects for the presence or
absence of water and land masses compared to the reference ellip-
soid, and g, the estimated regional field. The Bouguer correction
is computed using a density for land masses, noted . The resid-
ual Bouguer anomaly A g, thus reflects the effect of local density
variations in ¥ with respect to a reference density 0,

The regional field g, is a qualitative estimation of the effect
of remote sources outside the volume V and is thus composed of
long-wavelength signals. It is usually estimated by fitting a bilinear
or polynomial trend (e.g. Dentith & Mudge 2014). Here, we assume
instead a constant value for the regional field g..,. Since we are able
to perform inversions at different wavelengths, we split the inversion
process in two steps: a long-wavelength inversion that will account
for regional field variations,

Agrcs = G(plong - pprior) (3)

and a short-wavelength inversion that will account for density het-
erogeneities in V,

Agres - G(plong - pprior) = G(pshorl - pprior)' (4)

The following Section 2.2 details the computation of the sensi-
tivity kernel G defined in eq. (1) as well as the Bouguer corrections
gy that appears in eq. (2).

2.2 Gravity modelling

We detail here the computation of the contribution of densities inside
and outside the volume ¥ to the gravity field. Our motivation is to
use a model description and discretization that is compatible with
a seismic velocity model and can easily be used either for direct
comparison or for joint gravity and seismic inversion.

The volume V'that we invert is a rectangular parallelepiped where
density is given at n, * n, * n. nodes spaced by a constant step Ax.
In the case of a joint inversion, the volume V is identical in size
and node discretization for both density and velocity models. This
volume is surrounded by a layered medium with vertical density
gradients. The model is upper bounded by the topography which is
taken into account with an arbitrary constant grid step Sx.

The vertical gravitational field at point 7 is computed by inte-
gration over vertical prisms €2; of width A, centred in (x;, y)
where §x < AQ < Ax. This integration is performed numerically
with respect to (x, ) assuming no lateral variation of density in-
side the prism, and analytically with respect to z. We assume linear
variations of the density p(z) = a + bz where a and b are linear
combination of node densities in volume ¥ and of layer densities

outside volume V-
Zp o dZ
g,y z) = ARG Y Pk i 2 2)
Qe

s (=X + =y +(z—z:)?)

3/2

®)

where G is the gravitational constant. The topography is taken into
account with its §x grid step in the vicinity of the gravity measure-
ments and averaged over AQ2 > §x farther away.

This approach is similar to Banerjee & Gupta (1977) or Garcia-
Abdeslem & Martin-Atienza (2001) except that it can take into
account linear variations of density. The validity of our code is tested
following the strategy proposed by Garcia-Abdeslem & Martin-
Atienza (2001). We numerically compute the gravity field at the
apex of a cone of constant density whose analytical solution is
given by Tsuboi (1983). For a 1000 m width and 45° slope cone,
we obtain absolute errors of 0.003, 0.003, 0.006 and 0.01 mGal
with prism widths of 5, 10, 20 and 40 m, respectively. According to
this test, a small enough prism width will guarantee a relative error
smaller than 1 per cent. The precision is similar to those obtained
by Garcia-Abdeslem & Martin-Atienza (2001).

The Bouguer correction term g, is computed by mean of
eq. (5) using digital elevation models (DEMs) for topography and
bathymetry, and prior density values for land and water as detailed
in Section 4.2. Eq. (5) has linear contributions from the density
nodes in volume ¥ and from the surrounding layers. The sensitivity
kernel G contains the contribution of the nodes to all observation
locations.

2.3 Inversion methodology

The linear inverse problem g = Gp (eq. 1) is well known to be non-
unique, ill-conditioned and in our case, underdetermined (e.g. Aster
et al. 2013). To solve the problem, we use the Bayesian approach of
Tarantola & Valette (1982) and Tarantola (2005). We assume all a
prioriprobability densities are Gaussian functions so that we can use
the least-squares criterion to solve the problem in a deterministic
way. We seek the density model p that minimizes the objective
function (Tarantola 2005):

¢(’ﬁ) = (g - G’ﬁ)lcjgl (g - G’ﬁ) + (5 - pprior)lcﬁl(’ﬁ - pprior)
(6)

where p,, is the a priori density model and Cg and Cp are the
data and a priori model covariance matrices. The second term in
the objective function (eq. 6) is a regularization term. It plays two
roles: first it forces the solution to remain close to the prior model
when it is not constrained by the data (controlled by the diagonal
terms of Cp); second it forces the solution to be spatially correlated
or smoothed (controlled by the off-diagonal terms of Cp).
The solution of the problem can be written as

;i = pprior + CPGT(GC,OG[ + Cg)_](g - Gpprior) (7)

when the inverse problem is solved in the data space, or as

-1
p= pprior + (GtcélG + Cﬁl) chél (g - Gpprior) (8)

for inversion in the model space (Tarantola 2005).

In a problem with n, data and n, parameters, Cg and Cp are
square matrices of sizes n, * n, and n, * n, respectively. We as-
sume that data are independent. The data covariance matrix Cg is
therefore diagonal and its diagonal of data variances a3, is based on
estimated errors on the input data. The model covariance matrix Cp
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is a full matrix that includes a variance on density as well as a spa-
tial correlation function, or covariance function, used to smooth the
result. This approach is particularly suitable in case studies where
very little prior information is available (geological or geophysical
constraints). Using a correlation function f;, the matrix element j is
written C p.ij = o*f, /.(D;;) where Dj; is the distance between model

parameters i and j and X is the spatial correlation length. We use
0

here a Gaussian correlation function f;(D;;) = exp(— _Az" ) which
leads to smoother models than when using an exponential func-
tion. The choice of the correlation length A constrains the depth
and minimum size of the structures that can be recovered by the
inversion process. Therefore, inversions with different correlation
lengths produce density models at different wavelengths, or scales.
No trade-off factor is applied between the data and model terms of
the objective function since the relative importance of the two terms
can be adjusted by tuning the op parameter until realistic densities
are obtained in the resulting model.

Depending on the problem and on the size of the model and data
spaces, it may be easier to solve the problem in the data space (eq. 7)
or in the model space (eq. 8). We invert for n, model parameters
from n, gravity data, with n, < n,. We recall that the sensitivity
kernel G in gravimetry is a full n, * n, matrix. Within the data
space formulation (eq. 7), the largest matrix to compute is the full
n, * n, matrix Cp but we only need to store the full n, * n, matrix
product Cp G'. This formulation requires solving a linear system of
ng equations. Within the model space formulation (eq. 8), covari-
ance matrices appear in their inverse forms where C' is a sparse
matrix that can be estimated directly (Oliver 1998; Monteiller 2005;
Coutant et al. 2012). The largest full matrix to store is therefore G
of size n, * n,. Using this formulation, a linear system of n, equa-
tions needs to be solved. In our gravimetric problem (with moderate
n, and ny < n,), we use here the data space formulation (eq. 7)
because less equations need to be resolved. Note that one could also
favour the model space formulation (eq. 8) to avoid the computation
of the full model covariance matrix.

2.4 Resolution

Resolution indicates to which extent the solution is meaningful, yet
it is rarely analysed in the inversion of potential fields (An 2012).
The resolution matrix R relates the estimated parameters o and the
real parameters 0., (Menke 1989; Tarantola 2005):

(’ﬁ - pprinr) = R(ptruc - pprior)' (9)

The resolution matrix R can be seen as the filter between the true
model and the recovered model (Backus & Gilbert 1968; Taran-
tola 2005). A column gives the spreading of a parameter on its
surrounding parameters while a row of the resolution matrix gives
the linear dependency of the corresponding parameter to all of the
other parameters of the model (e.g. Trampert ef al. 2013). Backus
& Gilbert (1968) introduced the concept of averaging kernel: ap-
propriate elements extracted from the rows of the resolution matrix
form bell-shaped curves (Backus & Gilbert 1968; An 2012) whose
widths indicate the resolution lengths. However, R is an n, * n,
matrix expensive to compute and store. In seismic tomography,
checkerboard and spike tests are commonly used to avoid expen-
sive computations, but they can be misinterpreted (Lévéque et al.
1993; Trampert et al. 2013). One can prefer to compute and store
only some meaningful resolution information for each model pa-
rameter. Some authors advocate the use of stochastic methods to
efficiently estimate characteristics of the resolution matrix such as

3-D gravity inversion of Basse-Terre island 565

diagonals or spatial resolution lengths that quantify the size of the
smallest recovered features (e.g. MacCarthy et al. 2011; An 2012;
Trampert et al. 2013).

Our development allows to estimate spatial resolution lengths
of the inverted models with a reasonable computational cost. In a
Bayesian framework, each resulting model is an estimation of the
densities with their a posteriori covariances c p (Tarantola 2005):

Cp = Cp — CpG'(GCpG' + Cg)"'GCp. (10)

While the a priori model covariance only depends on the chosen
density distribution (density variance and smoothing), the a pos-
teriori model covariance matrix also includes constraints from the
geometry of the problem (contained in the sensitivity kernel G it-
self) and from the a priori error on the data. The explicit formulation
of the resolution matrix with the Bayesian formalism is (Tarantola
2005):

R=1-CpC,' =CpG'(GCpG' +Cyg)'G. (11)

Here, we choose to estimate vertical and lateral resolution lengths
following Backus & Gilbert (1968). For each node i of coordinates
(xi, ¥i, z;), we use the resolution parameters 7;(x, y, z) between node
i and nodes of coordinates (x, y, z) from the ith row of the resolution
matrix R. We numerically estimate the vertical resolution length L.
defined as:

2 [ 1z = zillri(xi, i, 2)ldz
f Iri(xi, yi, 2)|dz

Resolution lengths L, and L, along the horizontal axes can be com-
puted similarly. We rather compute a lateral resolution length L,,
defined as:

Lo(xi, i, zi) = 12)

2 [ slril(s, z:)ds
fm(sﬂzf)ds

where |r;(s, z;) is the average value of |r;| for nodes situated at
the same distance s from node 7 on the horizontal plane z = z;. In
the end, we only store the estimated vertical and lateral resolution
lengths for all density nodes. Fig. 2 illustrates the computation of
resolution lengths L, and L., along one horizontal axis for simplicity
(Fig. 2b) and along the vertical axis (Fig. 2c), for density nodes at
various depths. The example is based on the acquisition geometry
and topography of Basse-Terre island (see Fig. 1 for data locations)
and corresponds to an inversion with a correlation length of 4 km. As
expected from the sensitivity kernel G, we observe on Figs 2(b) and
(c) that resolution decreases rapidly with depth, that is, resolution
lengths increase with depth. In addition, vertical resolution lengths
increase faster than lateral resolution lengths. This illustrates the
fact that gravimetric inversions better constrain horizontal locations
than vertical positions at depth.

ny(xisyi»zi) = (13)

3 TESTS ON SYNTHETIC DATA

We perform a series of 3-D synthetic tests in order to demonstrate
the potential and limitations of the methodology and assess the re-
sults of Basse-Terre data inversion (part 4). We use the same 3-D
configuration (topography, data distribution) as the real data. We
compute the gravity data for four density models (Fig. 3a): (A)
a thin shallow layer, (B) a thick deep layer, (C) a small shallow
spherical body above a thick deep layer and (D) a thick deep layer
beneath a thin shallow layer. A white noise with 1 per cent rela-
tive standard deviation is added to all gravity data. All models are
inverted using a constant node spacing of 500 m, a constant ratio
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Figure 2. Resolution lengths for a 4 km correlation length inversion and density nodes at 2, 4 and 6 km depth. (a) Sketch of the node discretization along
profile bb’ (see Fig. 1). (b) Resolution along the x-axis and resolution lengths L, for density nodes at 2, 4 and 6 km depth. (c) Resolution along the z-axis and
resolution lengths L. for density nodes at 2, 4 and 6 km depth. Axes of panels (a)—(c) share the same kilometre and resolution scales.
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(b) Inversion results

(c) Lateral resolution length

Density (kg/m?3) Density (kg/m?3) Ly (km)
-200 0 200 -200 200 0 5 10
- e S e EEEEa————

Depth (km)

same as below (A = 4 km)

Depth (km)

same as below (A = 4 km)

Depth (km)

same as below (A = 4 km)

Depth (km)

1770 1780 1790 1800 a L L

Y UTM (km) e

1770 1780

Y UTM (km)

1790 1800

a 1770 1780 1790 1800
Y UTM (km)

Figure 3. Section of 3-D inversions for synthetic models A, B, C and D. (see Fig. 1 for data disposition and location of section aa’). (a) Synthetic density
models. (b) Density models resulting from the inversions with correlation lengths A. (c) Lateral resolution lengths Ly, for correlation lengths A.

op/og of 50 kg m—* mGal~" and a correlation length of 2, 4 or
8 km (Fig. 3b). Lateral resolution lengths L,, for inversions with
correlation lengths of 2, 4 and 8 km are displayed on Fig. 3(c).
Contours on Fig. 3(c) show where the densities are well resolved by
the data (predominance of the first term in eq. 6).

The inversions of single layer models (A and B) performed with
correlation length of 4 km, yield density anomalies that spread over
the entire volume and are maximum at the surface for A, and around
4 km depth for B (Fig. 3b). In both cases, density amplitudes are

smaller than original values due to this spreading. The thin shallow
layer of model A cannot be recovered due to grid spacing and
correlation length, the inversion gives high relative RMS of data
residuals (Table 1).

Results for model D (Fig. 3b) and plots of lateral resolution length
L, (Fig. 3c) show how the correlation length affects the inversion
results. Increasing the correlation length A induces larger resolution
length L,, at shallow layer, and smaller resolution length at depth.
Thus, larger A values favour resolution at larger depth and move
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Table 1. Amplitude of data variations and RMS of data residuals for the synthetic tests (Fig. 3).
RMS are given both in mGal and in percentage of the amplitude of the synthetic data variations.

567

Model Data amplitude Correlation length RMS of data residuals
A 5.02 mGal 4 km 0.30 mGal (6.0 per cent)
B 11.85 mGal 4 km 0.14 mGal (1.2 per cent)
C 11.78 mGal 4 km 0.19 mGal (1.6 per cent)
D 11.66 mGal 2 km 0.34 mGal (3.0 per cent)
D 11.66 mGal 4 km 0.36 mGal (3.1 per cent)
D 11.66 mGal 8 km 0.37 mGal (3.2 per cent)
anomalies deeper, with increasing size. The use of various smooth- \0 U 7% La Soufriere
ing correlation length can therefore be seen as an alternative to Li \Cb - A Volcanic edifices
& Oldenburg (1998) depth weighting to counteract the decrease ® Thermal springs
of sensitivity with depth. On the other end, for short correlation =< Nomal faults
lengths, the anomalies are concentrated where resolution is higher ] & \ | == Limits of geological units
(small L,, length), that is, towards the surface and below areas with W () Geological units I to VII
good data coverage. As a result, lateral variations of density in -
the 2 km correlation length inversion of model D might be misin- Q)QQ
terpreted with the presence of anomalous bodies, as in model C, N
instead of continuous layers. Increasing the correlation length al-
lows to distinguish between layers and bodies: inversion of model D
at 4 km is no longer similar to inversion of model C. Finally, RMS of
data residuals increases with the correlation length (Table 1) since
we add more constraints to regularize the inversion. Contours on QQ 7
Fig. 3(c) delineate where data allow to resolve structures smaller \/\
than the correlation length. The minimum correlation length to be
used can be inferred from the minimum resolution length. Here L,, E
is always larger than 2 km, so smaller A values would not bring any =
additional information. 5
These synthetic tests show, as expected, that the inversion pro- > Q-
duces smooth density models and does not recover sharp discon- \’\‘b
tinuities or thin layers. However, inversions at different correlation
lengths outline the evolution of the model with scale and avoid
misinterpreting the recovered features. We therefore advocate the
use of multi-scale inversions to better interpret the resulting models
with respect to the intrinsic non uniqueness of gravity inversions. It S
is worth noting that this approach shares some ideas with wavelet ,\/\
decomposition applied in potential field studies (e.g. Sailhac & Gib- N
ert 2003). Finally, resolution analysis is necessary to understand the
effect of the distribution of data and of the spatial correlation length

on the inverted densities.

4 APPLICATION TO BASSE-TERRE,
GUADELOUPE, LESSER ANTILLES

4.1 Geological context and previous geophysical studies

The Lesser Antilles subduction arc includes an inner arc composed
of active volcanic islands and an outer arc corresponding to former
volcanic islands now covered by sediments (Fig. 1). The Guade-
loupe archipelago overlaps the two arcs. Basse-Terre is the main
volcanic island of Guadeloupe and is part the inner arc. This is-
land displays several eruptive fields, each containing several erup-
tive centres that form a continuous chain trending NNW-SSE (see
Fig. 4). A southward migration of volcanism is observed across geo-
logical times, forming, in the chronological order (ages from Carlut
et al. 2000; Feuillet ef al. 2002; Samper et al. 2007; Lahitte et al.
2012): the Basal Complex (2.79-2.68 Myr), the Septentrional Chain
(1.81-1.15 Myr), the Axial Chain, Sans-Toucher and Bouillante
Chain (1.02-0.435 Myr), the Monts Caraibes (555-472 kyr), the
Itacques—Capesterre and Vieux-Habitants volcanics (600-200 kyr),

630

640
X UTM (Km)

Figure 4. Main geological features of the island of Basse-Terre after
Bézelgues-Courtade & Bes-De-Berc (2007), Brombach et al. (2000), Feuil-
let et al. (2002), Komorowski et al. (2005), Mathieu et al. (2011, 2013) and
Samper et al. (2007). Geological units numbered in chronological order: I,
Basal Complex; II, Septentrional Chain; I1I, Axial Chain, Sans-Toucher and
Bouillante Chain; IV, Monts Caraibes; V, Icaques-Capesterre and Vieux-
Habitants volcanics; VI, Madeleine vents and Trois-Riviéres Complex; VII,
Grande-Découverte Carmichaél Complex and Soufriere Complex. Other
places mentioned in the article: B, Bouillante; PPV, Petite Plaine Valley; BV,
Beaugendre Valley.

the Madeleine vents and Trois Riviere Complex (150-11 kyr) and
the Grande-Découverte Carmichaél Complex and Soufriere Com-
plex (200 kyr-present) that hosts the active Soufriere of Guade-
loupe active volcano (Fig. 4). These volcanic fields include mainly
lava flows and domes of andesitic to basaltic-andesitic composition
but also scoria domes and pyroclastic deposits and acidic rocks
of dacitic or rhyolitic composition. The northeastern part of the
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island is covered by sediments. Fig. 4 also displays the main known
tectonic features such as faults and flank collapse scars. Note that
the higher density of mapped structures in the recent southern part
of Basse-Terre might simply reflect the larger number of studies fo-
cusing in this area and difficulties to map structures that have been
eroded or covered by sediments in the north. Intense hydrothermal
activity is currently observed in the Bouillante geothermal area and
within the Soufriere volcano (see the location of thermal springs in
Fig. 4).

Very few geophysical studies have been performed at the scale
of the island of Basse-Terre, while many surveys have been con-
ducted at the scale of the dome of the Soufriere of Guadeloupe
volcano. Geophysical works at the scale of the dome focused on
an area of 2 x 2 km? at most using various methods: electrical
resistivity imaging (Zlotnicki & Nishida 2003; Nicollin ez al. 2006;
Zlotnicki et al. 2006; Lesparre et al. 2014), seismic velocity imag-
ing (Coutant et al. 2012) and density imaging (Coutant et al. 2012;
Lesparre ef al. 2012). Coutant et al. (2012) produced 3-D velocity
and density models of the dome by joint inversion of active seis-
mic and gravimetric data. These studies aimed to provide a better
understanding of the structure and activity of the superficial hy-
drothermal system. Some other local studies were performed in the
area of Bouillante for geothermal exploration purposes (Barthes
et al. 1984; Debeglia et al. 2007; Matthieu et al. 2011; Gailler et al.
2014). At the scale of the island of Basse-Terre (30 x 40 km? ap-
proximately), geophysical surveys were used for either qualitative
interpretation of local anomalies or inversions along 2-D profiles.
Aeromagnetic data were acquired in 1975 (Le Borgne & Le Mougél
1976; Le Mouél et al. 1979). Three active seismic profiles were shot
across the island (Dorel ef al. 1979). Several sets of gravimetric data
were analyzed: Coron ef al. (1975) provided a gravimetric database
over all the islands of the Guadeloupe archipelago, Gunawan (2005)
focused on the south of Basse-Terre corresponding to the most re-
cent volcanic complex. Gailler ef al. (2013) compiled gravimetric
and magnetic data sets from previous land and marine surveys to
produce maps of the Bouguer anomaly and of the reduced to the
pole magnetic anomaly. The authors constructed 2-D vertical lay-
ered models of densities and magnetizations along profiles based on
the 2-D seismic velocity structures provided by Dorel ef al. (1979).
However, volcanic structures are highly heterogeneous media and
2-D models do not account for multi-dimensional variations. No
geophysical study has yet led to a 3-D model of the whole island of
Basse-Terre. In the followings, the methodology developed in part 2
is applied to gravimetric data sets from Basse-Terre to produce 3-D
density models of the island.

4.2 Data and processing

The methodology is applied to a composite data set of gravimetric
data from the island of Basse-Terre in Guadeloupe. We compiled
land data from previous studies (Coron ef al. 1975; Barthes et al.
1984; Gunawan 2005; Matthieu ez al. 2011) and acquired new data
in 2012 within the frame of the Domoscan ANR project (see Fig. 1).
The scope of the 2012 gravimetric campaign was to provide data
covering the whole island of Basse-Terre with high precision mea-
surements and localizations which are necessary for the inversion.
The data were acquired with two Scintrex CGS5 relative gravimeters
and localized using differential GPS. A tide correction is applied us-
ing the Longman (1959) formula implemented in the Scintrex CG5
gravimeters. We then correct these relative measurements for instru-
mental drift and convert them to absolute values based on absolute

measurements performed with a Micro-g LaCoste A10 gravimeter
at three locations close to the Soufriére of Guadeloupe volcano: at
the Observatoire Volcanologique et Sismologique de Guadeloupe
on the Houélmont, in front of the church of Gourbeyre and on the
parking of the Savane-a-Mulets (see localizations on Fig. 1). Note
that the reference used for absolute values does not impact the in-
version results as only amplitude variations matter. Finally, the four
other data sets were adjusted with our measurements by comparing
collocated gravity values.

Altitudes of all measurements are compared with a 1 m resolu-
tion Lidar DEM available for the whole island (Litto3D data). For
the data acquired in 2012, we estimate the error on altitudes from
differential GPS to 17 cm. The difference between these GPS alti-
tudes and their projections on the DEM indicates a standard error
for DEM altitudes of 28 cm. We use all the data from the 2012 cam-
paign and from Matthieu et al. (2011) as the comparison with the
DEM shows accurate localizations. We discard data from the three
previous data sets (Coron et al. 1975; Barthes et al. 1984; Gunawan
2005) when the difference between the provided altitude and the
projection onto the DEM is greater than the median plus or minus
half of the standard deviation of the altitude differences. We then
estimate the standard errors for the remaining altitudes from the
previous data sets: 35 cm (Matthieu et al. 2011), 1.94 m (Gunawan
2005), 3.38 m (Barthes et al. 1984) and 4.42 m (Coron et al. 1975).
We use the GPS altitudes for the data of the 2012 campaign and the
Lidar DEM altitudes for anterior measurements whose altitudes are
less accurate. In total, 999 values are used for the inversion: 338
from Coron et al. (1975), 323 from Barthes et al. (1984), 157 from
Gunawan (2005), 37 from Matthieu et al. (2011) and 144 from the
new measurement campaign. The full data set is then processed to
compute the complete Bouguer anomalies as detailed in the next
two paragraphs.

The theoretical gravity produced by the World Geodetic System
1984 (WGS84) is derived using the closed-form formula proposed
by Somigliana in 1929 (Hofmann-Wellenhof & Moritz 2005). The
free-air correction is computed up to the second order in terms of
ellipsoidal height, following the recommendations of Li & Gotze
(2001) and Hackney & Featherstone (2003).

DEMs of various resolutions are used to take into account the to-
pography and the bathymetry. We used: Litto3D data for the topog-
raphy of Guadeloupe and its coastal bathymetry, bathymetry from
the Aguadomar marine survey conducted in the central part of the
Lesser Antilles arc (Deplus et al. 2001) and ETOPO1 bathymetry
and topography elsewhere. Topography and bathymetry are taken
into account with a resolution of 1 m up to a distance of 500 m away
from the station when available. Farther away and up to 120 km, a
resolution of 100 m is used. These parameters were adjusted by con-
vergence analysis of the modelled gravity field. The ocean surface
is considered with a resolution of 100 m based on the altimetric grid
of the IGN in the Guadeloupe archipelago area and on the Earth
Gravitational Model 2008 (Pavlis et al. 2008) further away. The
Bouguer anomaly is computed assuming a density of 1026 kg m—3
for sea water (Wang ef al. 2010) and a mean density of 2600 kg m™>
for land masses estimated via the Parasnis method (Parasnis 1972).
Using the same method, Gunawan (2005) proposed a mean density
0f 2500 kg m~ for the southern part of Basse-Terre, resulting from
an average density of 2210 kg m~3 for the dome and of 2710 kg m—3
for the surrounding rocks. Coron et al. (1975) corrected their gravi-
metric data from the Guadeloupe archipelago with a density of
2670 kg m~2 except for the area of La Soufriére where they used a
density of 2500 kg m~3. Our mean value of 2600 kg m~> for Basse-
Terre island is in accordance with these density ranges. The average
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Figure 5. Gravity anomaly. Gridded data are represented along with the original data used as input and output for the inversions (filled circles). White star: La
Soufriere. (a) Gravity anomaly used as input for the long-wavelength inversion (A = 80 km) providing an estimation of the regional field. (b) Regional gravity
anomaly deduced from the result of the long-wavelength inversion. (c¢) Residual gravity anomaly (a—b) used as input for the short-wavelength inversions.

value of the Bouguer anomaly is subtracted to obtain a zero-mean
anomaly (Fig. 5a).

The Bouguer anomaly map represented on Fig. 5(a) shows long-
wavelength and short-wavelength features. We globally observe
negative anomalies near the coast and in the southern part and
positive anomalies inland. Short-wavelength anomalies locally dis-
play some correlations with topography. This is obvious in the SW
part of Basse-Terre near the Bouillante geothermal area (see Bouil-
lante location on Fig. 4), where dense measurements are available.
In this area, measurements acquired at high elevation (along the
crests) provide negative anomalies whereas measurements acquired
at low elevation (in valleys) provide positive anomalies. Such cor-
relation with topography suggests that, in this area, the real density
is different from the density that we used to compute the Bouguer
anomaly.

Our Bouguer, regional and residual Bouguer anomaly maps
(Figs 5a—c) are similar to the corresponding maps obtained by Coron
et al. (1975) but include more details, mainly in the southeast part of
Basse-Terre where dense surveys are now available (Barthes et al.
1984; Gunawan 2005). Compared to the residual Bouguer anomaly
map presented by Gailler et al. (2013), our map contains only the
shortest wavelengths needed for the inversion (Fig. 5c).

Errors on Bouguer anomalies are estimated step by step through-
out the acquisition and processing as summarized in Table 2. Pre-
cision of gravity measurements (including errors on the estimation
of instrumental drift) is evaluated by comparison of collocated ac-
quisitions. Errors on latitude and free air corrections combine the
numerical precision of formulas and the propagation of localization

Table 2. Summary of errors associated to data acquisition and

processing.

Source of error Error (mGal)
Measurements and drift correction <02
Latitude correction <0.01
Free air correction 0.08
Bouguer corrections <02
Total 0.3

errors. Finally, we estimate errors on Bouguer corrections from lo-
calization errors and the numerical precision of the modelling code.
Note however that Bouguer corrections are also affected by the DEM
precision, which is not taken into account in the value displayed in
Table 2. Highest uncertainties come from the precision of gravity
measurements and from the propagation of elevation errors in the
free air correction computation. The total error on processed data
from the 2012 campaign is estimated to about 0.3 mGal. Gunawan
(2005) estimated an error of 0.4 mGal for his data. We expect the
data from Matthieu et al. (2011) to reach the same quality and assign
them an error of 0.4 mGal as well. Errors on anterior data (Coron
et al. 1975; Barthes et al. 1984) are significantly higher mostly due
to higher uncertainties in their localizations so we use an error of
1 mGal, in accordance with the estimations of the authors.

To summarize, our new data set provides a good coverage
of the island with precise estimations of the Bouguer anomaly
with measurement errors estimated to about 1 per cent of the
anomaly amplitude (Fig. 5a). Note however that the distribution
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of data after merging the five data sets remains uneven with large
gaps over inaccessible areas, mainly in the central part of the
island (Fig. 1).

4.3 Inversion results

The inversion is performed using a 3-D grid that encompasses the
whole island of Basse-Terre (boundaries are the limits of Fig. 5),
down to 8 km depth. We use a grid node spacing of 500 m, approxi-
mately corresponding to the mean distance between gravimetric sta-
tions, which satisfies the criteria proposed by Boulanger & Chouteau
(2001). The data are assigned a standard deviation of 0.3 mGal
(newly acquired data), 0.4 mGal (Gunawan 2005; Matthieu et al.
2011) or 1 mGal (Coron et al. 1975; Barthes et al. 1984), as ex-
plained in Section 4.2. The a priori densities are centred on the
value of 2600 kg m~=3, used for the Bouguer corrections, with a
standard deviation set to 20 kg m~>. This value is tuned to obtain
realistic density ranges in the final models.

A preliminary inversion is performed using a long correlation
length A of 80 km in order to extract the regional gravity field
variations from the data (Fig. 5b). The residual Bouguer anomaly
(Fig. 5¢) is then used as input for short-wavelength inversions. Fig. 6
shows vertical sections and maps extracted from the 3-D inversion
results using correlation lengths of 2, 4, and 8 km. RMS of data
residuals are given in Table 3. We observe that when the correlation
length increases, anomalous bodies are recovered at larger depths
and with larger wavelengths. The RMS of data residuals also be-
comes larger as we add constraints to the model. These behaviours
have already been observed with the inversion of the synthetic model
D (Section 3, Fig. 3 and Table 1).

4.4 Interpretation and discussion

We adjust the choice of standard deviation for the a priori density
model in order to keep the density values in the range 2600 kg m—3
+ 200 kg m3. Rock sample density values obtained by Feuillard
(1976), Bernard et al. (2014) and Gailler ez al. (2014) range between
1500 and 2800 kg m~3 at surface or in shallow boreholes. The low-
est densities were found for superficial material around the dome
of La Soufriere or Bouillante hydrothermal systems. However, data
resolution and the associated node discretization step (500 m) can-
not reproduce shallow structures and 2400 kg m~ is a reasonable
lower bound value.

The structure of Basse-Terre island presents two key issues asso-
ciated with La Soufriére active volcano: (i) the depth of the expected
magmatic chamber and (ii) the extent of the hydrothermal system.
For the first point, the superficial magma chamber is thought to lie
around 6 km below sea level with an approximate radius of 1 km
(e.g. Pozzi et al. 1979; Boichu et al. 2011; Allard et al. 2014). We
cannot expect to find a signature of this chamber considering its
size and our data distribution. We identify three main characteris-
tics in our inversion results (Fig. 6): first, most of the anomalies are
aligned along the NNW-SSE axis of volcanic edifices that form the
island (see Figs 6a and 4) associated with generally decreasing den-
sities southwards; second, three high density anomalies lie at depth
(especially well distinguished on Fig. 6a, middle); third, shallow
low-density material is present in the southern part of Basse-Terre.
We discuss these features below.

The NNW-SSE alignment of density anomalies following the
axis of volcanic edifices suggests heterogeneities in the volcanic
material produced by the successive eruptive episodes. This trend

is also consistent with the regional tectonic setting, as it is parallel
to the Bouillante—Montserrat offshore active fault system (Bouysse
et al. 1988). We also observe that density globally decreases south-
wards at the scale of Basse-Terre. The local geology is in accor-
dance with this trend: based on geomorphological observations and
geochemistry data, Mathieu et al. (2013) suggest an increase to-
wards the south in the proportion of acidic and viscous volcanic
rocks which have lower density than andesite and basaltic an-
desite. Our inversion also suggests that dense material compose
the Basal Complex in the northwest (see location on Fig. 4), in
agreement with the overall decreasing density southwards, and the
Monts Caraibes at the very south of the island. As for the northeast
part of the island characterized by low gravity values, the inver-
sion recovers low-density material corresponding to the sedimentary
cover.

Low-density anomalies lie at shallow depths in the southern part
of the island. The low-density zone is concentrated in the graben
bounded to the north by the major fault at the south of the Ax-
ial Chain (Fig. 4), interpreted as the prolongation of the offshore
Bouillante-Montserrat fault system (Bouysse et al. 1988; Feuillet
et al. 2002, 2010). Low-density anomalies of high amplitude are
well distinct in the inversion results as long as the lateral resolution
length (Fig. 6b) is much shorter than the distance between the two
anomalies (about 10 km). One is situated in the area of La Soufriere
volcano and La Ty fault at shallow depths. It is a signature of the un-
derlying hydrothermal system. This observation is consistent with
the lower seismic wave velocities of the shallow layers in the area
of the dome of the Soufri¢re volcano as outlined in the velocity
models by Dorel et al. (1979) and in the low surface wave velocities
determined by Collet (2010) in the vicinity of the dome. However,
the precise extent of the hydrothermal system cannot be determined
from gravity data alone. Other very low density anomalies are lo-
cated near Piton de Bouillante edifice and along the western coast,
reflecting high level of alteration. The low densities are therefore
due to a combination of faulting, hydrothermal alteration, and de-
position of debris flows (Brombach ez al. 2000; Feuillet et al. 2002;
Lahitte et al. 2012). Thermal springs across the island (Fig. 4)
are well correlated with shallow low-density anomalies. In partic-
ular, the Bouillante Chain along the western coast is famous for
geothermal exploration and exploitation (e.g. Gailler ef al. 2014).
The high-porosity of these structures explains the inferred low den-
sities, similarly to the conclusion of Linde et al. (2014) in the case
of the Stromboli volcano.

Three high-density anomalies are identified at depth be-
neath Petite Plaine Valley in the north, beneath Beaugen-
dre Valley dominated by Piton de Bouillante and beneath the
Grande-Découverte-Carmichaél-Soufriere Complex in the south
(see locations on Fig. 4). This observation is consistent with the
density of 2750 kg m~> measured by Gailler ef al. (2014) in mas-
sive lava flows in the Beaugendre area. Mathieu et al. (2013) out-
lined abundant lava flows in Petite Plaine Valley and Beaugendre
Valley areas. The Grande-Découverte-Carmichaél-Soufriere Com-
plex is the most recent volcanic complex of the island (e.g. Ko-
morowski et al. 2005; Lahitte et al. 2012). The three dense anoma-
lies could therefore correspond to major eruptive centres that were
active in the past on Basse-Terre. Dense structures at depth in vol-
canic areas have been reported many times and interpreted as so-
lidified intruded magma from earlier volcanic activity (e.g. Aoki
et al. 2009; Camacho et al. 2009; Liuni et al. 2010; Aoki et al.
2013). The structures we identify might therefore correspond to
the solidified superficial magma chamber of the associated eruptive
centres.

9102 ‘67 Areniga uo sjoue[q orjqrg e /310 speurnolpioyxo-13//:dny woiy papeojumocg


http://gji.oxfordjournals.org/

3-D gravity inversion of Basse-Terre island 571

(a) Inversion results (b) Lateral resolution length
Density (kg/m®) L,y (km)
2400 2600 2800 0 5 10
] E— ]

1810

4 km depth-
1800

1790 +

Y UTM (km)

1780 +

1770 +

km depth’

Y UTM (km)

Y UTM (km)

kl T T T = T
0 4 8 630 640 650 630 640 650 630 640 650 630 640 650
Depth (km) X UTM (km) X UTM (km) X UTM (km) X UTM (km)

Figure 6. Results for inversions with correlation lengths A of 2 km (top), 4 km (middle) and 8 km (bottom). (a) 2-D sections extracted from the 3-D density
models. White star: La Soufriere. (b) Lateral resolution lengths L,,, for the horizontal sections.
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Table 3. RMS of data residuals for the inversions of Bouguer
anomalies with different spatial correlation lengths. RMS are
given both in mGal and in percentage relative to the amplitude
of the data variations (30 mGal).

Correlation length RMS of data residuals

2 km 1.8 mGal (6.5 per cent)
4 km 1.9mGal (7.1 per cent)
8 km 2.2 mGal (8.3 per cent)

5 CONCLUSIONS

We have followed the Bayesian approach of Tarantola & Valette
(1982) combined with a grid node discretization of the space to
linearly invert for 3-D density distribution. The method and dis-
cretization of the problem present the advantage to be compatible
with seismic tomography to favour the comparison and joint inver-
sion of density and velocity models. The forward modelling takes
into account the topography and expresses the gravimetric field as
a linear combination of node densities. The inverse methodology
includes covariances matrices that force the solutions to be spatially
correlated, hence smoothed. The choice of the correlation length
constrains the minimum size of the structures that can be recovered.
Our developments include the quantitative estimation of lateral and
vertical resolution lengths with a reasonable computational cost and
allow for resolution analysis that is rarely performed in the inversion
of potential field data. A preliminary inversion with a large correla-
tion length allows to isolate the large wavelength component of the
gravity field, that is, the regional field. Short-wavelength inversions
can then be performed and interpreted.

Tests on synthetic data were performed to show the potential and
limitations of the methodology. We observed that spatial spreading
of causative bodies prevents from properly recovering amplitudes of
density variations. Node discretization and smoothing prevent from
recovering structures such as a thin shallow layer. Synthetic models
inverted with various correlation lengths outlined the advantages
of the method as resolution at depth varies with the correlation
length used in the inversion. Confronting results at different scales
helps identifying anomalous structures to be interpreted. Resolution
lengths allow to outline areas where features are better or less re-
solved depending on the data distribution and the correlation length.

We inverted gravimetric data of the volcanic island of Basse-
Terre. We benefited from a new high quality data set (errors of
about 1 per cent of the amplitude of gravity anomaly variations,
1 m resolution Litto3D DEM). Despite the dense data coverage in
accessible areas, large parts remain uncovered inside the island. Our
inversion approach provided smooth 3-D density models of the vol-
canic island of Basse-Terre at various scales to overcome difficulties
associated to the uneven distribution of data and the few available
geological or geophysical constraints. Results showed an obvious
NNW-SSE trend with densities generally decreasing southwards
and anomalies located along the axis of successive volcanic cen-
tres. These observations are consistent with the geological history
of the island (e.g. Samper et al. 2007; Mathieu et al. 2013) and sug-
gest that density anomalies reflect variations in the characteristics of
different eruptive episodes. Dense anomalies beneath Petite Plaine
Valley, Beaugendre Valley and the Grande-Découverte-Carmichaél-
Soufriere Complex are interpreted as solidified magmatic intrusions
from major eruptive centres. Shallow depth low-density anomalies
are observed in the Soufriére and Piton de Bouillante areas and
along the western coast and reflect the presence of hydrothermal
systems and the high porosity of fractured and altered rocks. These

first 3-D models of Basse-Terre bring new insights about the in-
ternal structure of the island. Further geological and geophysical
studies would help comforting our interpretations.
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