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Abstract:

Acquisitions of the Sentinel-1 satellite are processed and comprehensively
analyzed to investigate the ground displacement during a three-year period above
a gas storage site in Southwestern France. Despite quite low vertical displacements
(between 4 and 8 mm) compared to the noise level, the local displacements
reflects the variations due to charge and discharge during summer and winter
periods, respectively. A simplified mechanical model can explain these
displacements at both storage sites (Lussagnet and lzaute) by the gas
exploitation. However, ground movements of low-magnitude may be induced by
natural factors, such as the temperature or the surface soil moisture (SSM). Using
an additive decomposition, we show first that the temperature has a second order
contribution compared to the reservoir pressure. Using a wavelet-based analysis,
we show there is an uplift in the Lussagnet zone that contrasts both in phase and
period with the seasonal deformation and that is linked to the SSM measured by
the SMOS satellite. This other displacement is consistent with the water infiltration
in the unsaturated zone followed by the swelling of a clay layer. This work provides
therefore new insights on the ground deformation using a three-year integrated

monitoring of a gas storage site.



Introduction

The Underground Gas Storages (UGS) are designed to address different
needs that include a strategic gas reserve, the regulation of the gas supply,
meeting seasonal peak heating and electricity demand. Gas is stored from spring
to autumn when the demand is lower and withdrawn from October to April, when
the demand is higher during the winter period. In France, there is moreover an
increasing concern to balance daily load needs related to the increase of
intermittent renewables productions (solar and wind) in the electrical mix. The
main issues to be addressed are the geomechanical integrity of both the reservoir
and the caprock, the reactivation of existing faults, the leakage through the
caprock, fault or any other discontinuity and the movement of the Gas-Water
Contact (GWC). UGS development required an appropriate site selection based on
subsurface characterization, a suitable performance analysis, based on a fully
integrated geological, fluid-dynamic and geo-mechanical approach, and finally a
monitoring over the entire life of the storage to satisfy social and environmental
concerns and the safety regulations. An integrated monitoring should include at
least a network of microseismic sensors, observation wells to follow the reservoir
as well as overburden pressures and a technique to measure ground surface
displacements over wide areas.

Standard ground surface monitoring techniques provide information on a
very limited number of points within an area, both in the cases of geotechnical
monitoring (clinometers, extensometers...) or GPS. The idea of a ground
displacement monitoring using Differential Synthetic Aperture Radar
interferometry (DINSAR) has been intensively developed in the last two decades *
2. Land subsidence related to groundwater extraction or uplift caused by the

recharge of aquifers of large cities are some applications of the DINSAR technique.



Subsidence in Mexico city center 3 4, uplift in Brussels city center ® and both
phenomena in Phoenix © are just a few recent of many extensively studies using
this remote sensing technique. Conversely, the monitoring of gas storage using
the DINSAR techniques has received until now few attentions in scientific literature
except for CO, geological storage ’. A major limiting factor to this purpose was the
non-availability of both spatially and temporally high-resolution Synthetic Aperture
Radar (SAR) dataset. Another limiting factor is the low amplitude of deformation
associated to gas storage in deep geological layers; the displacement to be
measured is in this case of the same order of DINSAR measurement precision
(typically a few millimeters). Finally, it has been shown that DINSAR techniques
are more performant on regular motions than on displacements that have non-
linear behavior respect time (i.e with strongly varying rates) as such irregular
displacements require finer temporal sampling to be better characterized 8. This
last issue was particularly sensitive with several past space missions for which few
acquisitions per year were available (e.g. about 10 per year for Envisat). That was
a limitation on the precision on the characterization of an annual cyclic motion.
The launch by the European Space Agency (ESA) of the Sentinel-1 mission in 2014
is a new step and offer continuous provision of C-Band SAR data after the
retirement of ERS-2 and the end of the Envisat mission; it changed drastically the
availability of SAR data by regular acquisition. The mission consists in 2 satellites
(respectively Sentinel-1A launched on April 2014, followed by Sentinel-1B on 25
April 2016) that work in a pre-programmed operation mode to produce a
consistent long-term data archive built for applications based on long time series
°. SAR images are acquired in interferometric mode every 6 days (combining
Sentinel-1A/1B) over Europe since October 2016.

Due to the potential substantial damage to buildings and infrastructure, the



mapping of expansive soils and the quantification of the clay swelling potential is
a major concern for natural risk prevention plans. In France, the shrink/swell risk
is the second most important cause of financial compensation from insurance
companies behind the flood risk. In 2010, based on the spatial distribution of
infrastructure damage and the stratigraphy at the resolution of sedimentary
basins, the French Geological Survey (BRGM) published a predictive 1:50 000
swelling-risk map of France. This map indexed the territory as (i) no, (ii) low, (iii)
moderate, or (iv) high risk. In the studied zone in the Aquitaine Basin, there is a
low or a moderate swelling risk. At this resolution, the heterogeneity of the
mineralogical composition of the sedimentary formations is not considered %12, A
stratigraphic unit include one or various lithological formations. Some predictions
of the swelling-risk map can be therefore locally inaccurate or even wrong,
according to the lithological characteristics of sedimentary formation at the given
location. One way to improve this map consists in monitoring soil moisture
variations and ground movements by the instrumentation of experimental sites.
BRGM has studied three sites in France with different climates (Mormoiron site
with a Mediterranean climate and Le Deffend site with a temperate oceanic climate
since 2005 and Chaingy site near Orléans since 2015). On each site, capacitive
sensors have been installed inside boreholes to track soil moisture variations
continuously and at different depths. Extensometers have also been deployed to
monitor soil vertical displacements. The first results have confirmed that the
seasonal soil moisture variability in the first meters is correlated with the weather
conditions and have shown that swelling and settlement ground movements, which
occur near the surface, can reach 2 centimeters in only a few months 3. Another
way to improve this swelling-risk map is to use remote sensing satellite or aerial

photography. Until now, the use of DINSAR was not operational for the mapping



of swelling clays, mainly because of the non-availability of both spatially and
temporally high-resolution and high-quality SAR dataset suitable to the very high
variability of such surface deformation phenomena. Twenty years later, the
question “Can we map swelling clays with remote sensing?” asked by Van der Meer
in 1999 # is still a topical issue.

This work investigates therefore three main questions: (1) Are the variations
detected in DINSAR measurements strongly related to the underground gas
storage operations at Lussagnet and lzaute sites? ; (2) Can the monitoring based
on DINSAR processing be used to monitor the movement of the Gas-Water contact
in the reservoir? ; (3) Can the DINSAR processing be used to assess locally the
shrink/swell hazard as given by the 1:50 000 geological map? The results section

of this paper is organized around these three questions.



Data and Methods

1. Geographical and Geological Setting

The underground gas storage in the studied area is a double storage site
lying at the boundaries between both departments “Les Landes” and “Le Gers”,
situated in the Aquitaine basin in Southwestern France, about 100 km north of the
Pyrenees mountain (Fig. 1). The total reservoir structure is an anticline with two
culminations, which are only approximately 10 km apart, the Lussagnet reservoir
at the west side and the lzaute reservoir at the east side (Fig. 2). The highest
point of the top of Lussagnet reservoir is located at a depth of about 545 m below
ground level (mbgl) with a thickness of 40 m; the top of lzaute reservoir is at
approximatively at 500 mbgl 1°. Both reservoirs are deposited during the Eocene,
and are composed of fair consolidated sandstones, called “infra-mollassic sand”,
with some interlayered claystones . The hydrodynamic parameters of these
reservoirs are variable. The total mean porosity of the sandstones varies from 20%
to 35%, and their average permeability from 1 to 10 Darcy. The Lussagnet and
Izaute gas storage total capacity are respectively equal to 2.9 and 3.0 10'? m3
(referred to normal conditions) and only the working gas, respectively 1.4 and 1.5
10*2 m3, is stored and withdrawn during the exploitation cycle. The remaining part,
called cushion gas, supplies pressure support and prevents surface installations
from excessive water production.

Concerning the surface layer, the shrink/swell hazard with 4 levels (null, low,
moderate and high) has already been evaluated in both departments “Les Landes”
and “Le Gers” using different criteria, including the surface geological map at the
scale 1:50 000 and other geotechnical and mineralogical criteria -8, In particular,
the Tortonien clay surface layer (called “m5” in the 1:50 000 geological map) is

characterized by a moderate shrink/swell hazard and the Serravallien sand surface



layer (called “m4™) by a low hazard. Just around the gas exploitation wells, there
is a moderate shrink/swell hazard at the Lussagnet site and a low hazard at the

Izaute site (Fig. 2 and 4).

2. Sentinel-1 DINSAR processing

SqueeSAR™ is the proprietary multi-interferogram technique which
provides high precision measurements of ground displacement by processing
multi-temporal satellite radar images acquired over the same area 1°. The
methodology exploits the so called Persistent Scatterers (PS) but also low-
amplitude but coherent returns that are identified on a pixel-by-pixel basis called
Distributed Scatterers (DS). A dataset of 115 SAR images (Fig. 3) acquired by
Sentinel-1A/B (C-band, IW mode, Fig. 1) has been processed with the SqueeSAR™
technique providing, over the area of interest, thousands of measurement points.
The detected displacement is characterized by a deformation time series sampled
every 12 days until 1%t October 2016 and 6 days thereafter. It is important to note
that DINnSAR displacement measurements are carried out along the sensor's Line
of Sight (LOS), which is the sensor-to-target direction. SqueeSAR™ then measures
the projection of real motion along the LOS and provides 1D measurements. Those
measurements are differential in space and time. They are spatially related to a
reference point, and temporally to the date of the first available satellite
acquisition. The reference point is a PS-type point, identified by the code C34S9R6,
it is steady through time and located outside the Tortonian clay surface layer as
extracted from 1:50 000 geological map (Fig. 4).

Two major biases can affect SAR interferograms. Firstly, non-stationary
tropospheric SAR signal delay can add an undesired DINSAR signal component.

This delay can partly — and when the local topography is significant - be correlated



to topography, in which case it can be modeled and removed by linear regression
with a digital elevation model 2°. Data stacking is also an effective way to reduce
the non-topography-related atmospheric noise. Secondly, random temporal
changes on the surface of the Earth can reduce the signal to noise ratio (snr),

which is characterized through the Interferometric coherence.

3. Wavelet-based analysis of DINSAR time series

DINSAR processing chains usually compute displacements as the
superposition of linear and non-linear terms. In the frequency domain, linear
displacements exhibit an infinite period along time and the non-linear component
describes the seasonal fluctuations of the displacement, which can exhibit different
periods and even changes along time. The continuous wavelet transform (CWT) is
especially suited to extract features from low signal-to-noise ratio time-series 2.
CWT expand time-series records into time-frequency space and can therefore find
localized intermittent periodicities ?2. The time-series input data for wavelet
analysis must be equally spaced in time, i.e. evenly sampled with a fixed time
interval. Additionally, two individual CWTs can be combined by using the cross
wavelet transform (XWT) tool, if the relationship between two different time series
is of interest. XWT is computed by multiplying the CWT of one time-series by the
complex conjugate of the CWT of the second time-series. XWT image is the 2-D
representation of the absolute value and the phase of the complex number in the
time-frequency space. The absolute value of the XWT will be high in the time-
frequency areas where both CWTs display high values, so this helps identify time
patterns common in the two data sets. The phase of the XWT indicates the time
lag between the two time-series. Consequently, this tool is very useful for

exploring seasonal patterns which might have a time-lag (shown by the phase of
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the XWT) between the cause and the effect. XWT tool permits the recognition of
common power and relative phase in time-frequency space, along with assessing
confidence levels against red noise backgrounds 2.

We describe here a systematic methodology for analysing DINSAR time-
series information vs. triggering factors using CWT and XWT for which there are
freely available Matlab codes (see the acknowledgement section). First, linear and
non-linear components of the displacement time series are separated: the linear
component is computed by means of a linear least squares fitting using LINEST
Microsoft Excel function and the non-linear component as the difference between
the displacement time-series and the previously calculated linear component.
Although SAR satellites have a regular revisit interval (e.g. 35 days for ERS and
ENVISAT, 12 days for Sentinel-1A, 6 days for Sentinel-1A/B), some images may
be missing or excluded from processing (Fig. 3). Consequently, the time-series
data derived from DINSAR processing may exhibit some gaps. After the separation
between linear and non-linear components, the missing values are extrapolated
using only the non-linear component, i.e. in our case nine missing values are
interpolated using a time interval of 12 days. A second step is the re-sampling of
the time-series of potential triggering factors with the same time interval (e.g.
bottomhole pressure, rainfall, surface soil moisture, piezometric level). Usually,
they present a shorter time sampling (typically 1 day) and consequently, they
must be down-sampled to the revisiting time period of Sentinel-1 (12 days), e.g.
for the bottomhole pressure or the piezometric level. However, some other
variables require more complex processing than a simple down-sampling. For the
rainfall, a cumulated rainfall during the Sentinel-1A period (12 days) is re-

calculated. For the surface soil moisture, an average value for each 12-day period
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has been calculated using the 10-day SMOS Level 3 product as explained in the

next section.

4. SMOS Level 3 product (Centre Aval de Traitement des Données)

In situ measurements of soil moisture are limited in their spatial and
temporal extent. Satellites provide more extensive spatial coverage and have a
temporal resolution ranging from 1 to 35 day(s). We use here the term Surface
Soil moisture (SSM) to refer to the volumetric soil moisture in the first few
centimeters (0-5 cm) of the soil. The first satellite mission to focus primarily on
the collection of soil moisture data was the Soil Moisture Ocean Salinity (SMOS)
satellite. SMOS was successfully launched on the 2" of November 2009 by the
European Space Agency (ESA). SMOS uses microwave radiometry for estimating
soil moisture. L-band radiometry is achieved resulting in a ground resolution of 50
km. SMOS Levels LO to L2 processing products are developed by the ESA. The
products are divided in half orbits, from pole to pole, ascending or descending,
spanning about 50 minutes of acquisition 2. Level 3 products are geophysical
variables with improved characteristics through temporal resampling or
processing. In order to prevent any inconsistency resulting from interpolation over
highly heterogeneous surfaces, no spatial averaging is operated in the algorithms.
It must also be noted that ascending and descending overpasses are bound to
show different values of the retrieved parameters that may not be always
comparable and they are thus retrieved separately. The SMOS Level 3 SSM
(RE04v300) products were downloaded through the website of the Centre Aval de

Traitement des Données SMOS (CATDS, https://www.catds.fr/). The data are

presented over the Equal-Area Scalable Earth (EASE grid 2) 2* with a sampling of

about 25 km x 25 km (Fig. 1). The performance of each satellite SSM product
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depends on many factors such as, but not limited to, soil type, climate, presence
of noise (Radio Frequency Interference) and land cover. It is therefore difficult to
predict the performance of SSM products over a region, without performing a
quality assessment using in situ measurements on that region. A recent published
evaluation of the accuracy of SMOS-CATDS products between 1 January 2016 and
30 June 2017 in southwestern France 2* 2¢ gives an average bias, RMSD (Root
Mean Square Difference), ubRMSD (unbiased Root Mean Square Difference) of
about -10 vol.%, 12 vol.% and 7 vol.%, respectively. The SMOS-CATDS product
thus underestimate the surface soil moisture (with quite high negative bias values)
but the ubRMSD of 7% is similar to the best values obtained by other satellites in
Southwestern France (about 6%) 2° 26, The filtered daily global maps are
aggregated over different time periods. The SMOS revisit period is 3 days at the
equator, so the Earth's surface is covered by SMOS field of view in 3 days and a
3-day global product with a 3-day moving window is provided by CATDS by
aggregating the daily global maps. The retrieved SSM data are filtered using the
Data Quality Index (DQX) provided in the product (DQX < 0.06 m3/m?3). The
filtering processor is then used over the Level 3 retrievals, to select the best
estimation of soil moisture if several retrievals are available for a given day. The
CATDS also provides a 10-day product that contains median, minimum and
maximum values of soil moisture over 10 days. In this study, the 10-day SMOS-
CATDS SSM products for descending overpasses between 18 October 2014 and 26
October 2017 in the grid cell of the studied zone (Fig. 1) are used to calculate the
average of the median, minimum and maximum values for each Sentinel-1 period

(12 days).
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Results and Discussion

1. SqueeSAR™ time series analysis around gas exploitations wells

To investigate the DINSAR products in both gas exploitation zones, eight
and fourteen DINSAR measurement points are respectively selected at Lussagnet
site (4 PS and 4 DS) and lzaute site (11 PS and 3 DS) (Fig. 4). This selection is
mainly based on the measurement points quality parameters. As explained in the
method section, we have averaged the non-linear term of all the time-series using
a constant time interval of 12 days (Fig. 5). LUG-M8 and 1ZA-M14 time profiles are
the average values of the LOS non-linear displacement in the Lussagnet and lzaute
gas exploitation zone, respectively. During the three-year period, the average
peak-to-peak LOS displacement amplitude are 5.8 mm = 1.3 mm in the Lussagnet
case and 5.1 mm =% 0.6 mm in the lzaute case (Fig. 6).

Additionally, from the analysis of the root mean square (RMS) of the average
of the non-linear component of 10 time-series within a stable area, we assess a
RMS of 0.94 mm for the three-year monitoring period (Fig. 5). Less than 1 mm of
RMS in a stable area might be considered as a very good score and shows the
power of Sentinel-1 DINSAR time-series analyses to detect displacements with
magnitudes of as small as a few millimeters, as in the Lussagnet and lzaute cases.

Assuming the expected displacement is mainly in vertical direction, we
neglect the contribution of horizontal displacement and transform the
displacement from LOS to the vertical using the formula u, =L0S/cos@ .
Considering the local incidence angle of Sentinel-1 sensor (6 = 37.97°), we
calculate an average vertical displacement u, of 7.4 mm = 1.7 mm and 6.4 mm =+

0.8 mm in the Lussagnet and lzaute case, respectively.

2. Additive decomposition of the DINSAR time series using the deep
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pressure and the surface temperature variations

Time-series data are often governed by a trend component, a seasonal
component and an irregular residual component. There are several different
methods available for analyzing those data and some methods are more
appropriate than others for different data patterns. Two classical decompositions
methods are the additive and the multiplicative decompositions. An additive model
is appropriate if the magnitude of the seasonal fluctuations does not vary with the
level of time series. Conversely, the multiplicative model is appropriate if the
seasonal fluctuations increase or decrease proportionally with increases and
decreases in the level of the time series. Concerning the DINSAR time series, an
additive form is assumed for the decomposition:

TS(t) =T(t) + S(t) + R(t) (@D
This means that after removing both trend part T and seasonal part S, the residual
part R should be a stationary process and that's why the series is called a trend
stationary (TS) series. In the decomposition model, the trend part T is
approximated by a second order polynomial function of time. The seasonal part
itself may be split into different components with an additive form, e.g. one
bottomhole pressure component P and one surface temperature component ST:
St)=axP(t)+ B xST(t) 2

Our method estimates the five coefficients, i.e. both coefficients of trend part («, )
and three other coefficients of the quadratic trend, by minimizing the residual sum
of squares (RSS) for each PS and DS given by SqueeSAR™ technique. We show in
Figure 7 the additive decomposition of the time profile of the LOS displacement
near the well L1 (DS called BNI5SMXO), the sum of the trend and the seasonal part
(called “Model”) as well as the comparison of the temperature component of the

displacement and the surface temperature. The displacement variation due to the
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temperature is in anti-phase with the temperature, while the pressure component
is in phase with the bottomhole pressure. The key point is that the magnitude of
the temperature component of the LOS displacement is at least one order lower

than the magnitude of the pressure component (0.3 mm vs. 4 mm, see Fig. 7).

3. Vertical displacement due to reservoir pressure variations

Qualitatively, from the visual comparison between the mean LOS
displacement at both sites and the pressure of both storage reservoirs (Fig. 6),
one can observe a good correlation between them during the 3-year period. The
correlation coefficient is 0.77 in the Lussagnet case and 0.73 in the lzaute case,
respectively. It is worth estimating a possible surface deformation (vertical
displacement) due to pressure variations in the reservoir and comparing
guantitatively with the DINnSAR surface observations. In order to know briefly its
amplitude, we adopt a linear elastic theory from 27 and 28. The vertical
displacement (u,) is expressed by an integral equation over the volume where
pore pressure changes (Fig. 8). For a uniform distribution of pressure change (AP)
within a horizontally laid disk-shape reservoir (radius of R, and a depth between
h, and h;) in a homogeneous, semi-infinite elastic medium, we have the integral
equation as follows:

u,(r,z=0)=—-(1- ZV)%AP f:lz fOROR fooo EJo(RE)]o(ré)e " dédRdh 3)

where cylindrical coordinate (r,z) is taken (Fig. 8A), and J,(x) is the Bessel
function of the first kind for integer order 0. For taking into account of realistic
reservoir geometry, we subdivide it by many point sources in order to conserve
the reservoir volume and we take a summation over all the contribution of each

part of the reservoir. The assumed model parameters are summarized in Table 1.

This is a phenomenological, namely kinematic, expression without solving
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hydrogeological or geomechanical system of the reservoir. From the geological
map (Fig. 2), we estimate the extension of the reservoir as 5.4 km? for Lussagnet
and 13.1 km? for lzaute, respectively (Fig. 8A). The gas is stored at the top of the
reservoir such that the aquifer level is lowered. Schematically we simplify this by
a vertical cylindrical reservoir in which the injected gas pushes down the native
water. The modeling geometry is therefore simply vertical so that the deformation
pattern calculated through Equation (3) concentrates around the reservoir surface
(Fig. 8B). From this estimation, the vertical displacement on the ground surface
arrives at 8 mm and 4 mm for Lussagnet and lzaute, respectively (Fig. 8C). The
deformation pattern is quite independent, meaning that the deformation amplitude
is close to zero half way in-between the two reservoirs. The amplitude is consistent
with the DINSAR measurements in the Lussagnet case (7.4 = 1.7 mm), but lower
than the DINSAR measurements in the lzaute case (6.4 = 0.8 mm) (see previous
section). As it is clear from Equation (1), the amplitude of deformation depends
strongly on the material constants (v, u, @) given in Table 1. In the case where
these three parameters vary with £10%, u, changes between +41% and -30%.
In the lzaute case, this gives an upper bound of the simulated vertical
displacement of 5.6 mm, which is consistent with the DINSAR measurement (6.4
+ 0.8 mm). It can also be noted that a smaller reservoir geometry shall lead to a
larger amplitude at the center of the reservoir. However, this first calculation
allows briefly estimating the range of possible deformation of the ground surface
under simple hypotheses and the associated uncertainties, showing that a vertical
displacement amplitude between 4 mm and 8 mm is possible and that the
amplitude is higher in the Lussagnet case than in the lzaute case, as observed by
DINSAR processing.

Nonetheless, despite a general consistency, some significant features in the
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Lussagnet case are difficult to explain only by the reservoir pressure variations. In
2015, the maximum of pressure change in the reservoir was 24.6 bar with a
minimum of LOS displacement of 4.1 mm, whereas in 2016 (Fig. 6A) the maximum
of LOS displacement was 7.3 mm with a minimum of pressure change of 18.7 bar.
More particularly, there is an uplift of about 1.2 mm during a 2-month period
during the first semester of year 2016, while there is a decrease of the reservoir
pressure of 6 bar during the same period (Fig. 6A). We do not observe other
significant differences between the LOS displacement and the reservoir pressure
for other sub-periods in the Lussagnet case and in the lzaute case (Fig. 6B). Our
hypothesis is that this significant difference during this short period might be due
to the clay swelling in the Lussagnet zone, as supported by the current swelling
risk map (Fig. 2 and 4A,B).

According to our simplified model, the monitoring wells in both sites are
outside the domain influenced by the gas injection, i.e. the vertical displacement
amplitude due to the gas injection at these monitoring wells is less than 1.25 mm
(corresponding to a maximum peak-to-peak less than 2.5 mm) (Fig. 8B).
Therefore, it is sound to investigate the LOS displacement at the monitoring wells
around both gas exploitation zones, in order to decouple the vertical displacement
due to the gas injection from other potential phenomena (e.g. clay swelling). First,
we focus our attention on the comparison between LOS displacements at the
aquifer monitoring wells around the gas bubble and piezometric levels during the
first 2 years and half (Fig. 9 and 10). In contrast to the result in the gas exploitation
zone itself, there is no obvious correlation between these two time series and the
signal-to-noise ratio of the LOS time series is low. To investigate further these LOS
displacements, we use wavelet-based tools which have demonstrated their

usefulness in this context of seasonal variations to extract features from low signal-
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to-noise ratio time-series (see the method section). The proposed methodology is
to study the time-frequency relationships between the surface displacements
measured by DINnSAR and three potential natural triggering factors: (1) the
cumulated rainfall acquired by the Mont-de-Marsan Weather Station (Fig. 1), (2)
the surface soil moisture acquired by the SMOS satellite in a 25km grid cell around
the studied area (Fig. 1), (3) the shallow phreatic groundwater piezometric level

measured at Latrille (Fig. 2).

4. Wavelet-based analysis of DINSAR time series around Lussagnet

monitoring wells (L2, L3, L4)

The continuous wavelet transform (CWT) of the LOS time series at the three
monitoring wells (L2, L3, L4) are compared to the CWT of three natural triggering
factors time series. From the analysis of the CWT of the rainfall time series (Fig.
11), we can observe two cycles (8-month and 4-month) during the year 2 in
addition to the 1-year cycle. The CWT of the Surface Soil Moisture is similar to the
rainfall CWT for the 4-month period, with a higher power for the 1-year cycle but
with less power for the 8-month period. From the analysis of the continuous
wavelet power of the Latrille piezometric level, we can observe only the 1-year
cycle. From the analysis of the CWT of the LOS time-series (Fig. 12), some power
sighals with a significant level against red noise can be recognized with a period
of 4 to 8 months at L3 and L2 and with a period of 4 months at L4 during the year
2.

We use now the tool XWT between the LOS displacements and natural
triggering factors. From the cross analysis with the rainfall, we see a high common
power with a period of 4 months and 8 months and with a significant level against

red noise with the LOS displacement at L3 and L2 during the first semester of year
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2 (between December 2015 and April 2016, see Fig. 13B). During this episode,
the rainfall is in phase with the LOS displacement at L3 (arrow pointing right) and
is leading the LOS displacement at L2 (arrow pointing down). A similar high
common power with a period of 4 months can be recognized for the LOS
displacement at L4. Using the Surface Soil Moisture instead of the rainfall (Fig.
13D-F), the cross analysis give a similar high common power with the period of 4
months at L3 and L2 with a significant level against red noise.

In conclusion, XWT reveals the role of one rainfall episode between
December 2015 and April 2016 on the surface displacement. We will therefore
compare in the next section the time series of the LOS displacements in the

Lussagnet zone during this 6-month episode.

5. Modeling of the LOS displacements in the Lussagnet zone
between December 2015 and April 2016

From the analysis of the CWT of the LOS time-series, we can observe a clear
1-year cycle (period) for the Lussagnet exploitation zone (LUG-M8) during the
whole monitoring three-year period (Fig. 14A). Between December 2015 and April
2016, a common power with the period of 4 months can be recognized (first
semester of year 2 in Fig. 14A) but with a much lower magnitude than for the
monitoring wells (L3, L2 and L4) (see previous section). From the cross wavelet
transform (XWT) with the bottomhole pressure at L1 (Fig. 14B), the visual
observation shown in Fig. 6 of a strong in-phase relation between both time series
is confirmed for the one-year cycle (arrows pointing right). From the cross analysis
with the rainfall, there is a common power with a period of 4 months during the
first semester of year 2 (Fig. 14C) and the rainfall is leading the LOS displacement

LUG-M8 (arrows pointing down).
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The times series of the LOS displacement at the monitoring wells L2, L3 and
L4 are compared with the rainfall and the Surface Soil Moisture (SSM) during the
time interval between December 2015 and April 2016 (Fig. 15). The amplitude of
the LOS displacement increase is 4.4 mm and 5.4 mm for L2 and L4, respectively.
The amplitude of the LOS displacement decrease is about 5 mm for L3. The LOS
displacement at L3 is in phase with the rainfall and the Surface Soil Moisture and
is leading the LOS displacement at L2 and L4. This time lag may be due to the
infiltration time of water from the surface to the clay layer in the unsaturated zone.
To confirm this hypothesis, we extract from the BRGM subsurface database called
“Banque de données du Sous-Sol” (BSS) the available geological logs near the
Lussagnet wells. According to the BSS, the clay layer is near the surface at L3 and
is at the same depth (3-m) at L2 and near the gas exploitation wells (LUG-M8)
(Fig. 16). All these results are consistent with the hypothesis of a vertical
component of the ground due to the clay swelling in the Lussagnet gas exploitation
zone at the beginning of the year 2016, as speculated previously. In order to
estimate the LOS displacement around the gas exploitation wells at the DS called
BKB8Z5Y (near L1), we use first a sinusoidal regression model using a one-year
period to simulate the displacement due to the pression change, the result is a
sinusoidal function F:

F(t) = Amax cos((t + @) x 21/T) 4

Where t is the time in days (relative to 18 October 2014), Amax the amplitude of 2
+ 0.32 mm, ¢ the phase delay of 32 days days and T the period of 365 days. We
add to this sinusoidal model the LOS displacement at L2, supposing that the
vertical displacement due to the clay swelling is the same at both locations because
of the same depth of the clay layer:

M(t) = F(t) + L2(t) 5)
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Indeed, this new model M(t) fits quite well the displacement for the DS called
BKB8Z5Y (near L1) between December 2015 and April 2016 (Fig. 17).

In conclusion, the combination of a LOS displacement due to the pressure
change and a displacement due to the swelling of a 3-m depth clay layer fits well
the data around the Lussagnet gas exploitation zone between December 2015 and
April 2016. The LOS amplitude of the swelling/shrinking in the Lussagnet zone
during this rainfall episode is about 5 mm and the time interval of the cycle
swelling/shrinking is about 4 months. We use in the next section the same wavelet-
based method to analyze the LOS displacements in the lzaute zone to support

these conclusions.

6. Wavelet-based analysis of DINSAR time series around lzaute
monitoring wells (12, 13, 14, 15)

From the analysis of the CWT of the INSAR time-series, we can observe a
clear 1-year cycle (12-month period) for the lzaute exploitation zone (1ZA-M14)
during the whole monitoring three-year period (Fig. 18C). Additionally, some
power signals during the first semester of year 2 (between December 2015 and
April 2016) with a significant level against red noise can be recognized with a
period of 4 months and 8 months at 14 (Fig. 18A) and with a period of 4 months
at 12 (Fig. 18B). From the cross analysis with the rainfall, we see a high common
power during the first semester of year 2 with a period of 4 months and 8 months
and with a significant level against red noise with the LOS displacement at 14 and
at 12 (Fig. 18). During this episode and this 4-month period, the rainfall is leading
the LOS displacement at 14 by about one month (arrow pointing straight down,
Fig. 18D) and is in anti-phase with the LOS displacement at 12 (arrow pointing left,

Fig. 18E). Interestingly, the XWT reveals that the rainfall is also leading during this
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episode the LOS displacement near the gas exploitations wells (1ZA-M14) but with
a very low magnitude compared to the Lussagnet case (Fig. 18F). The presence of
small-scale lenses of clays in the lzaute exploitation zone (not indicated by the
1:50 000 geological map) may explain this last result. In conclusion, XWT reveals
the role of this rainfall episode between December 2015 and April 2016 for the
LOS displacement around the monitoring wells in the Izaute zone. In a similar way
to the Lussagnet case, we compare in the next section the time series of the LOS

displacements near the lzaute monitoring wells during this rainfall episode.

7. LOS displacements in the lzaute zone between December 2015
and April 2016

The times series of the LOS displacement at the monitoring wells 15, 14, 12
and I3 are compared with the rainfall and the Surface Soil Moisture (SSM) during
the time interval between December 2015 and April 2016 (Fig. 19). The LOS
displacement at 15 is leading the displacement at 14, which is leading the LOS
displacement at 12. There is no significant LOS displacement at 13. As indicated by
the phase of the XWT (see previous section), the rainfall is leading the LOS
displacement at 14 by about one month and the LOS displacement at 12 by about
two months. Interestingly, the LOS displacement at 14 displacement is very similar
in phase with the LOS displacement at L2, with a leading phase of L2. These results
are consistent with the depth of the clay layer whichis3 matlL2,4 mat 14 and 5

m at 12 given by the geological logs from the BRGM subsurface database (Fig. 20).

8. A new method coupling satellites acquisitions (Sentinel-1 and
SMOS) and the BSS database to improve the global French

shrink/swell hazard map
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As shown in the previous sections, the most complex task is to extract the
signal linked to the clay swelling from the noise in the DINSAR results (typically 5
mm in this work). Locating the areas of low-magnitude soil vertical expansion
would be useful for predicting areas with a high risk of shrinking in the event of a
long drought (e.g. the drought episode between 1989 and 1991 in Southwestern
France). The two limiting factors to this purpose is the quality of the SAR dataset
(PS and DS) and the availability of data from the BSS subsurface database in the
vicinity of the scatterers (PS and DS). In presence of a dense vegetation, the
measurement points could be indeed too noisy to detect such low-magnitude
vertical displacements. Because of their influence on the SSM, the buildings should
not be chosen as measurement points. We show here first that the wavelet-based
analysis is a powerful tool to quantify the correlation (amplitude and phase)
between the LOS displacement and the surface soil moisture acquired using both
satellites (Sentinel-1 and SMOS). As a second step, the geological logs extracted
from the BSS database spatially close to the dataset of scatterers (PS or DS) were
used to test the phase consistency. This method may be generalized using the
global SAR dataset (PS and DS) in metropolitan France to improve the global

French shrink/swell hazard map.
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Conclusion

By combining Sentinel-1 interferometric products and observations from a network
of shallow and deep wells, we performed a first integrated monitoring of the
underground gas storage Lussagnet-lzaute, between October 2014 and October
2017. This integrated monitoring, along with the high temporal resolution of the
Sentinel-1 interferograms (12 days), allowed us to estimate a cyclic deformation
due to gas injection and withdrawal cycles during the summer and winter periods.
Using a sinusoidal regression with a one-year period, we show that the amplitude
of the seasonal displacement around the Lussagnet gas exploitation wells is
between 4 and 5 mm. A comprehensive analysis of the ground deformation at the
Lussagnet site using the monitoring wells and the comparison with the lzaute site
suggests also the presence of a transient surface deformation that contrasts both
in phase and period with the cyclic deformation due to gas exploitation, but with
a similar amplitude (about 5 mm). This last result is consistent with the swelling
of the clay layer described in the geological logs extracted from the BRGM
subsurface database (BSS). In these terms, the measurement of the surface
motion with the high spatio-temporal resolution of the satellite Sentinel-1
improves our understanding of the combination of two different processes driving
the ground surface displacement, i.e. the reservoir pressure variation and the
swelling/shrinking of a surface clay layer. This three-year monitoring coupling
satellites acquisitions and underground wells data is a first step and the integrated
monitoring will benefit in the future from the aggregation of heterogeneous data
over longer time periods. As a perspective of this work, the method coupling both
satellite acquisitions (Sentinel-1 and SMOS) and the BSS database may be
generalized using the global SAR dataset (PS and DS) of metropolitan France to

improve the global French shrink/swell hazard map.
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Figure 1: Location map generated by Google Earth Pro of Aquitaine Basin (South West
France) showing a Sentinel-1 image acquisition (2016/01/05, downloaded from Copernicus
Open Access Hub https://scihub.copernicus.eu/), the Mont-de-Marsan weather station, the
Lussagnet reservoir isobaths (red lines) and a 25 km cell of the EASE equal-area grid used

by the SMOS satellite (black square).
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Figure 2: Location map generated by Google Earth Pro of the studied zone between the
river L’Adour at the West and La Midouze at the East with the Lussagnet reservoir
isobaths between 450 m/NGF and 875 m/NGF (turquoise blue). On the western edge is
located the Lussagnet gas exploitation wells (around L1 red circle) and on the eastern
edge the lzaute gas exploitation wells (around I1). The monitoring wells are shown by
blue circles, the Latrille piezometric borehole by the blue placemark and the 25 km SMOS
grid cell by both black vertical lines. Also shown is the medium shrink/swell hazard

(orange domain) based on the 1:50 000 geological map (http://infoterre.brgm.fr/).
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Figure 3: Spatio-temporal distribution of Sentinel-1 acquisitions using
SqueeSARTM method. (A) Temporal distribution of the 115 scenes every 12 days
during 2014/10/18-2016/10/1 using Sentinel-1A and every 6 days during
2016/10/1-2017/10/26 using Sentinel-1A/1B. (B) Horizontal map of 1931
measurement points including 1303 Persistent Scatterer PS (red circle) and 628
Distributed Scatterer DS (pink pentagon) located within the reservoir isobaths
(turquoise blue). Also shown are the relative locations of the monitoring wells (blue
squares) and the reference point used for the interferometric phase unwrapping
(green circle called “inSAR Ref”). Map created with QGIS software, version 2.18

(www.qgis.org).
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Google Earth

Figure 4: Detailed map of three sub-zones in the studied area generated by Google Earth Pro.
(A) Lussagnet exploitation zone (red pentagon) with four PS (purple diamond) and four DS
(purple hexagon) inside the 450 m/NGF isobath and two monitoring wells (L2, L3). (B) lzaute
exploitation zone around (red triangle) with five Corner Reflectors (green triangle), six other
PS (purple losange) and three DS (purple hexagon) inside the 450 m/NGF isobath and four
monitoring wells (12, 13, 14, 15). (C) Western edge of the studied zone with the reference
zone (green) including 10 measurement points around the 790 m/NGF isobath with 4 PS
(green diamond) and 6 DS (green hexagon), the reference point used for the interferometric
phase unwrapping (green placemark “inSAR Ref”) and one monitoring well (L4). Also shown
are the locations of the geological logs (white squares) extracted from the BRGM subsurface
database BSS and the medium shrink/swell hazard (orange domain) based on the 1:50 000

geological map.
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Figure 5: (A) Time profiles of eight Line of Sight (LOS) displacements (4 PS and 4 DS)
around the Lussagnet exploitation wells and the mean value (called LUG-M8a) and the
mean time value with a constant time sampling of 12 days (called LUG-M8). (B)
Comparison of LUG-M8 and the LOS displacement (called REF-M10) in the reference
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Figure 8: (A) Geometry of both reservoirs (in green) (surface S, top depth ht and
bottom depth hb) and pressure variations AP used by the model. Also shown are the
locations of the exploitation wells L1 and 11, the monitoring wells (L2, L3 and L4)
and (12, 13, 14, 15) at the Lussagnet and lzaute site, respectively. (B) Vertical
displacements calculated by the model after the simultaneous gas injections at L1
and 11. (C) Cross section (white line on the left) gives the vertical displacement at
L1 and 11 peaks. Figure generated with Generic Mapping Tools (GMT 5.1.2,
http://gmt.soest.hawaii.edu).
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Figure 9: Comparison of LOS displacement and piezometric level at three

Lussagnet monitoring wells locations: (A) L2, (B) L3, (C) L4.
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Figure 10: Comparison of mean LOS displacement and piezometric level at four
Izaute monitoring wells locations: (A) 12, (B) 13, (C) 14, (D) 15.
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Figure 11: On the right, the comparison of the time series of three potential
triggering factors: (A) cumulated rainfall at Mont-de-Marsan Weather station, (B)
surface soil moisture at the 25 km SMOS grid cell around the studied area, (C)
piezometric level at Latrille. On the left, the Continuous wavelet transform (CWT)
of these three time series. The thick contour designates the 5 % significant level
against red noise. The cone of influence (COl) where edge effects might distort

the picture is shown as a lighter shadow.
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Figure 12: Continuous wavelet transform (CWT) of the mean LOS displacements in
at three Lussagnet monitoring wells: (A) L3, (B) L2, (C) L4. The thick contour
designates the 5 % significant level against red noise. The cone of influence (COI)

where edge effects might distort the picture is shown as a lighter shadow.
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Figure 13: On the left, cross wavelet transform (XWT) of the cumulated rainfall
and the LOS displacement at three Lussagnet monitoring wells: (A) L3, (B) L2, (C)
L4. The relative phase relationship is shown as arrows, with in-phase pointing right
and anti-phase pointing left and the rainfall leading by 90° pointing straight down.

On the right, the same transforms are shown using the surface soil moisture (SSM)

instead of the rainfall: (D) L3, (E) L2, (F) L4.
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Figure 14: (A) Continuous wavelet transform (CWT) of the mean LOS displacement
around the Lussagnet injection wells (LUG-M8). (B) Cross wavelet transform (XWT)
of the pressure in the deep reservoir and LUG-M8. (C) Cross wavelet transform
(XWT) of the cumulated rainfall and LUG-M8. The relative phase relationship is
shown as arrows, with in-phase pointing right and anti-phase pointing left and the

first time series leading by 90° pointing straight down.



40

40 180 40 0.40

3.0 160 3.0 035

2.0 140 _ 20 030
— = —
E 1o 1w g E =
= %' = 1.0 025 *%'
g 00 100 ‘g g s
8 e g 00 020 3
m o [75]
= Lo 80 3 = i
“ m ] 1=
S 5 5 -1.0 015 &
vy -
g -20 60 E B 3
= o =

3.0 20 -2.0 0.10

4.0 I I I I 20 -3.0 0.05

50 = 0 -4.0 0.00

24/12/15  23/1/16 22/2/16 23/3/16 22/4/16 24/12/15  23/1/16 22/2/16  23/3/16  22/4/16

I ainfall L3 .12 ——14 L3 —&— Surface Soil Moisture

Figure 15: On the left, the comparison of LOS displacement at three Lussagnet
monitoring wells locations (L3, L2 and L4) during the 6-month time period where the
rainfall might influence the surface LOS displacement (see text). On the right, the

surface soil moisture is compared to the LOS displacement at L3 during the same period.
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Figure 16: Geological Logs near the Lussagnet exploitation well (L1) and near
two Lussagnet monitoring wells (L2, L3) extracted from the BRGM subsurface

database (“Banque de données du sous-sol”, http://infoterre.brgm.fr/).
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Figure 17: Modeling of LOS displacement at BKB8Z5Y location with the
sinusoidal regression model and with the sum of the sinusoidal regression
model and the DINSAR time series near L2 location. The 6-month time period
where the rainfall might influence the surface LOS displacement (see text) is

shown as a transparent window.
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Figure 18: On the left, continuous wavelet transform (CWT) of the LOS displacements
at three locations of the lzaute site: (A) 14, (B) 12, (C) I1. On the right, cross wavelet
transform (XWT) of the cumulated rainfall and the LOS displacements are shown at
these three locations: (A) 14, (B) 12, (C) I1. The relative phase relationship is shown
as arrows, with in-phase pointing right and anti-phase pointing left and the rainfall

leading by 90° pointing straight down.
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Figure 20: Geological Logs near the lzaute exploitation well (I1) and near three
monitoring wells (12, 14, 15) extracted from the BRGM subsurface database (“Banque de

données du sous-sol”, http://infoterre.brgm.fr/).



Table 1: Model parameters used in the calculation of the vertical displacement
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Parameter Quantity and Unit
Poisson ratio v 0.3

Medium rigidity u 8 GPa

Biot’s coefficient a 0.9

Geometry of Lussagnet reservoir (surface S,
top depth h:, bottom depth hp)

(5.4 km?2, 550 m, 715 m)

pressure change AP in Lussagnet reservoir

20 bar

Geometry of lzaute reservoir (surface S, top
depth ht, bottom depth hp)

(13.1 km?, 510 m, 590 m)

pressure change AP in lzaute reservoir

15 bar
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