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I. Description of the Observation or Experimentation System
I.1 Name of the infrastructure and website
-

Name: H+ international, international network of hydrogeological sites for measuring and
modeling flow, transport and reaction in heterogeneous subsurface environments
Web site : http://hplus.ore.fr/en

I.2 Contact details of managers
-

Olivier Bour, scientific director, Professor, Géosciences Rennes, University of Rennes 1,
35042 Rennes, +33223236510, olivier.bour@univ-rennes1.fr
Tanguy Le Borgne, co-director, Professor (physicien CNAP), Observatoire des Sciences de
l'Univers de Rennes, 35042 Rennes, +33223236702, tanguy.le-borgne@univ-rennes1.fr
Cédric Champollion, co-director, Associate Professor, Géosciences Montpellier,
Université de Montpellier Campus Triolet, Place Eugène Bataillon, 34095 Montpellier,
+33467143639, Cedric.Champollion@univ-montp2.fr

I.3 Supporting institutions
-

Coordination Laboratory : Observatoire des Sciences de l'Univers de Rennes (OSUR), UMS 3343
CNRS
Participating institutions :
o Departments : Géosciences Rennes (UMR 6118 CNRS), IC2MP (UMR 7285),
Géosciences Montpellier (UMR 5243), EMMAH (UMR INRA-UAPV 1114), Geosciences
Azur (UMR 6526), BRGM, LSBB (UMS 3538 INSU/UAPV/UNS), Chrono-Environnement
(UMR 6249
o Observatories : Observatoire des Sciences de l'Univers de Rennes (OSUR), Observatoire
de Recherche Méditerranéen en Environnement de Montpellier (OREME),
Observatoire de la Côte d'Azur (OCA), UMS 3538 UNS/UAPV/CNRS/AMU Laboratoire
Souterrain à Bas Bruit LSBB, Observatoire de Physique du Globe de Clermont-Ferrand
(OPGC)
o Institutions : CNRS / INSU, BRGM, INRA, Université Rennes I, Université de Poitiers,
Université de Montpellier II, Université d'Avignon, Université de Nice, Université
Clermont-Auvergne, Université Bourgogne Franche-Comté

I.4 Summary
The H+ network is the French long-term observation system for hydrogeological research. Its
primary objective is to produce monitoring and experimental data on subsurface structures and
processes from highly instrumented sites. The H+ data are made available to the scientific
community through an on line database (hplus.ore.fr). At its creation in 2002, the H+ network was
mainly focusing on scientific questions addressing the impact of heterogeneity on flow, transport
and reaction processes, with a strong emphasis on the link between data and models, and the
development of hydrogeophysical methods. Since then, the scientific questions addressed by H+
teams have diversified to include in particular the interactions and feedbacks between subsurface
and surface systems, and to develop links with other communities, such as geochemists,
hydrologists, microbiologists and geomorphologists. This evolution has been enhanced by
interactions with the catchment networks (RBV), which have led to the creation of the CRITEX
equipment project in 2012 and the OZCAR critical zone research infrastructure in 2017. H+ sites
serve as experimental platforms for hosting international teams developing novel subsurface
monitoring and imaging techniques. H+ coordinates the ITN project ENIGMA (European
training Network for in situ imaGing of dynaMic processes in heterogeneous subsurfAce
environments).
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II Context of the 2018 evaluation
The H+ network is regularly evaluated by its funding agencies: CNRS and the ministry of research.
In addition to this national evaluation system, the H+ partners have decided to set up an
international advisory board, which provides an external advice on the scientific and observation
strategy of the H+ network and of the individual sites that compose it. The first international
advisory board of H+ met in 2008 in Rennes. It was composed of four members: Wolfgang
Kinzelbach, Jesus Carrera, Harry Vereecken and Alberto Guadagnini. The conclusions of the
committee are given in Annex 8.
The 2018 meeting of the H+ advisory board is particularly important as it occurs in a context of
evolution of national and international observation infrastructures. The structure of the H+ network
itself has been evolving over the last decade. While the core of H+ experimental sites has remained
unchanged, the contour of the network has evolved to integrate or associate emerging experimental
sites on new topics. One site (Cadarache) has exited the network due to difficulties to maintain
scientific activities on the site. At national level, H+ has participated to the creation of the OZCAR
critical zone infrastructure (http://www.ozcar-ri.org/), which gathers all French observations
systems on the critical zone, from deep groundwater to glaciers. In this context, the organization of
H+ is evolving to enhance interactions with other observation services while maintaining its basic
missions. At international level, the OZCAR infrastructure is part of the eLTER Research
Infrastructure, which has just entered the ESFRI road map (http://www.lter-europe.net/elter-esfri).
H+ teams will need to position themselves in this large European infrastructure. In parallel, H+ has
been promoting the development of interactions between European research infrastructure on
hydrogeology in Europe through the coordination of the ITN project ENIGMA (2017-2020
https://enigma-itn.eu/), which provides the opportunity to foster scientific exchanges and
developing common tools, including databases. External advices on all these aspects will be very
helpful in driving the evolution of the H+ observation network in coming years.
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III Scientific and technical report on 2008-2018 activities
III.1 Scientific report
III.1.a Scientific questions
H+ was created in 2002 to provide missing field data for testing modelling hypothesis related to the
major scientific questions regarding hydrogeological processes and their relation with other
compartments of natural systems (Figure 1). These scientific questions, which have been evolving
during the past 15 years, include:
Initial H+ questions:













What is the impact of subsurface heterogeneity in porous and fractured media, including
transient heterogeneity in the unsaturated zone, on flow, transport and biogeochemical
processes?
What are the appropriate conceptual models to deal with the spatial heterogeneity and
temporal intermittency of flow, residence times, chemical properties and biogeochemical
reaction rates?
How can we upscale the dynamics of processes up to scales that can be managed by
predictive hydrogeological models?
What are the adapted field technologies to explore and quantify the spatial distribution and
temporal dynamics of subsurface processes in saturated and unsaturated heterogeneous
media?
What is the benefit of combining experimental and long term monitoring approaches?
What are the appropriate inverse modeling approaches to bridge the gap between models
and field processes?
What are the spatial coverage and temporal frequency of measurements required for
constraining models?
What controls the long-term evolution of groundwater quantity and quality?
What are the risks and opportunities associated with on-going and emerging subsurface
operations, such as water and energy extraction, managed aquifer recharge, waste storage
or groundwater remediation?

Emerging H+ questions:









What is the role of subsurface systems in the control of hydrological and biogeochemical
cycles in the critical zone?
How can we efficiently characterize and model surface-subsurface connectivity, including
recharge through the unsaturated zone, river-groundwater exchanges, and groundwater
upwelling?
What are the new opportunities offered by combining techniques from different disciplines
(hydrology, hydro-mechanics, geophysics, chemistry, microbiology, genetics…) and with
different support scales?
How do subsurface systems interact with aquatic ecosystems to control biogeochemical and
ecological processes?
How do subsurface environments respond and interact with major climatic and
anthropogenic changes?
How does the subsurface architecture evolve in response to hydro-mechanical, tectonic and
weathering processes that create/impact hydrodynamics properties, such as porosity?
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III.1.b Organization
High quality scientific data are by nature more difficult to acquire in the field than in the lab. Hence
there is comparatively very few field datasets to test and validate modelling hypothesis that underlie
the scientific questions formulated above. While most international efforts to obtain such data in
the hydrogeological community have been based on scientific projects with finite duration, the
French community has built a dedicated long-term observatory program. Similar programs were
created in France by other Earth science communities, such as geophysics, oceanic and atmospheric
sciences. The H+ observatory is dedicated to the exploration and modelling of subsurface
heterogeneity, fluxes and biochemical reactions (Figure 1). The advantage of the network structure
is that it allows pooling resources, instruments, data archiving and dissemination tools, and
developing scientific collaborations.
The H+ observation service was created in 2002 (Figure 2 and 3) and has been continuously funded
since then by the National Institute of Univers Science of CNRS (INSU). It was originally composed
of four sites (Ploemeur, Poitiers, Cadarache and Mallorca). Since 2008, one new site (Larzac) has
integrated formally the H+ observation service and one site (Cadarache) has exited the network. In
addition, two sites (LSBB and Hyderabad) have been associated to the H+ service through the SOERE
program
(https://www.allenvi.fr/groupes-transversaux/infrastructures-de-recherche/lessoere/gouvernance-et-financement), which lasted from 2012 to 2017. In 2017, three independent
SOERE projects merged to create the OZCAR national research infrastructure (http://www.ozcarri.org/ozcar/?lang=fr), which offers a comprehensive vision of the “critical zone”. Finally, in 2017, a
new site dedicated to river-groundwater interactions (AUVERWATCH) and the METIS geophysics
team applied to integrate the network and received a positive evaluation from the H+ management
board. The main characteristics of each H+ component are detailed in figure 1.
III.1.b Typical yearly budget
A typical yearly budget of the H+ network is given in table 1. Excluding the salary cost of permanent
researchers, the average annual budget is approximately 800 k€. The regular basic funding of the
observatory is 120k€ (INSU and SOERE). The majority of funding is provided by partners and by
regional, national and international projects. The budget is invested for:
-

-

Site monitoring and instrumentation, which is the basic task of the H+ observatory.
The development of in situ experimentation, innovative sensors and methods development,
to obtain representative measurements of flow and transport processes in the subsurface.
The maintenance and improvement of the H+ database. A part time database manager is
hired to coordinate this effort. He/she ensures an efficient link between database developers,
data providers and data users to obtain a user friendly database, adapted to the diversity of
relevant data and frequently updated.
Network coordination and animation, annual meeting organization
Annual budget

Total (k€)

Travel

100

Consumables

100

Temporary staff (including PhD students)

300

Equipment

300

TOTAL

800

CNRS INSU
SOERE program
Regional, national and international projects (EU,
ANR, INSU, ADEME, region)

45
75

Universities, OSU, BRGM

460
220

Table 1: Typical yearly budget of the
H+ network (excluding the salary
costs of permanent researchers)
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H+ component

Ploemeur / GUIDEL (France)

S.E.H. Poitiers (France)

Mallorca (Spain)

Durzon, Larzac (France)

Scientists in charge

Laurent Longuevergne (Rennes)

Gilles Porel (Poitiers)

Philippe Pezard (Montpellier)

Cédric Champollion
(Montpellier)

MAIN SCIENTIFIC
TOPICS

EXPERIMENTAL AND LONG TERM
MONITORING PLATFORM FOR
FLOW, TRANSPORT,
BIOGEOCHEMICAL AND HYDROMECHANICAL PROCESSES IN
FRACTURED MEDIA

ADAPTED WELL ARRANGEMENT
FOR EXPERIMENTS AND
MODELLING

MONITORING OF THE
FRESHWATER-SALINE WATER
INTERFACE

CAPACITIVE BEHAVIOR OF A
KARSTIC AQUIFER

Fractured, karstified limestone
aquifer

karstic reefal carbonates

fractured, weathered crystalline
rocks

karstic carbonates

Aquifer type

Characteristics

Specific interest

3 sub-sites, 10 km2,
60 wells (30-150 m depth), 6
shallow (2-10m), 2 cored
boreholes.
Ground instrumentation : GPS,
tiltmeters, sismometer .flux
tower, discharge station ..
Experimental site, dual
natural/pumped system. Strong
signal and fast flow due to
groundwater abstraction, GW
dependent ecosystem.
Extensive database
Long term evolution, after 25
years of pumping the system has
not reached equilibrium.

Size: 40000 m2,
In-situ instrumentation: 35 wells
(125 m depth), 2 vertical cored
boreholes, 2 oblique cored
boreholes.

Size: 10 000 m2,
In-situ instrumentation: 18
piezometers (100 m depth for
13 of them, one 250 m deep)

Dense and regular borehole grid,
Possibility to test and validate
groundwater flow and transport
models,
Biochemical reactivity with insitu experiments

Testing of hydro-geophysical
methods for monitoring saline
intrusion.
Exhaustive characterization at
different scales (oil reservoir
analog).

100 km2,
In-situ instrumentation:
tiltmeters, flowmeters,
gravimeters, infiltration

Hydrogeodetic
instrumentation (gravimetry,
tilt)
geophysical imagery of
structures and water content,
vadose zone investigation,
water budget closure

Monitoring, experimentation and modeling

Monitoring

Experimentation

Modeling

Link to data

Deliverables, and
associated tasks

Hydrology: piezometric levels,
pumping flow rate, flux tower,
discharge station, meteorology
chemistry : major ions and
traces, water ages with CFC,
isotopes, Radon
geophysics :GPS, tiltimeter,
sismic, IP-vertical profile
Pumping tests, flowmeter tests,
ground surface deformation
response to pumping and
sinusoidal tests, tracer tests
(heat, solute): dipole and reactive
push pull, time lapse geophysical
imagery
3D aquifer flow and transport
model, effective model for
pressure diffusion, inverse
modeling of radar data and DFN
model conditioning, hydromechanical model, system-scale
geological and flow model,
recharge, upflow,
evapotranspiration
http://hplus.ore.fr/en/ploemeur/
data-ploemeur
New methods for characterizing
flow heterogeneity,
hydrogeodetic methods,
modeling approaches for
fractured media, chemical
reactivity in relation to pumping,
distribution of residence and
transfer times, aquifer
vulnerability to climatic and
anthropic changes, GW role in
Critical Zone

Hydrology: piezometric levels,
groundwater temperature,
climatic variables

Hydrology : piezometric levels,
from Hydreka and WestBay
completion
Chemistry : major ions with
WestBay multi-packer
completion
Geophysics : resistivity with
permanent array

Hydrology : Pluviometry,
Spring discharge
Flow meter and infiltration as
a function of depth, EVT
measurement (2011)
Geodesy : long base tiltmetry,
SG gravimetry

Borehole flowmeter tests,
imagery, and geophysics,
Monopole and dipole pumping
tests, Single- and cross-borehole
slug tests, 3D seismic imaging,
Tracer tests.

Pumping tests
Tracer tests in push-pull mode
with CoFIS sonde

MRS, electric imagery,
Absolute gravity, relative
gravity network, surface to
depth gravity

Benchmark of flow and transport
models (2D/3D, EPM/DFN,
forward/inverse) against
experimental field data.

http://hplus.ore.fr/en/poitiers/d
ata-poitiers
Development of new
experimental and theoretical
approaches for the
characterization of multiporosity aquifers,
Hydraulic and geometric
characterization of highpermeability flow paths,
Test of new tracing techniques,
Coupled inverse modelling using
flow, tracer and seismic data.

Inverse modeling of gravity
and seismic time series using
local reservoir models of the
vadose zone

http://hplus.ore.fr/en/majorca
/data-majorca
Test of new methods for
characterizing the flow
heterogeneity.
Development of
hydrogeophysical methods for
permanent, on-line salt-water
intrusion montoring.
Detailed structural description
from µm to 100 m scale.

http://hplus.ore.fr/en/larzac/
data-larzac
time gravity series
associated to capacitive
function of the aquifer
vertical and horizontal
quantification storage
variation
hydromechanical behavior
associated to water storage
in the vadose zone
aquifer storage variation over
decadal periods
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H+ component

LSBB (France)

Hyderabad (Inde)

Auverwatch (France)

METIS team (France)

Scientists in charge

K. Chalikakis (Avignon)

J.C. Maréchal (Montpellier)

H. Celles-Jeanton

L. Bodet

MAIN SCIENTIFIC
TOPICS

LARGE SCALE TUNNEL FACILITIES
WITHIN THE UNSATURATED
ZONE OF A STRATEGIC FRENCH
KARST AQUIFER
Fractured, karstified carbonates

TROPICAL FRACTURED AQUIFER
UNDER OVEREXPLOITATION

MONITORING OF REACTIVE
PROCESSES IN RIVER ALLUVIAL AQUIFER SYSTEM

NEAR-SURFACE
GEOPHYSICAL METHODS

Fractured, weathered crystalline
rocks

Alluvial, sedimentary

All types of aquifer

Aquifer type

Characteristics

Specific interest

Monitoring

Experimentation

Modeling

Link to data

Deliverables, date
and associated tasks

3.8 km of underground tunnel,
12 000m2, 60 temporary and 4
permanent flow points (30-500
m depth)
Ground instrumentation : GPS,
tiltmeter, sismometer, ..
Direct access inside the
Unsaturated Zone of a karst
aquifer.
Detailed characterization of
structure, fluxes and chemistry
in the unsaturated zone.
Spatial and Temporal long term
monitoring of fluxes and
chemistry

Hydrology : rainfall, flow rates,
physical parameters
Hydrochemistry : major ions ;
Total Organic carbon, isotopes
Geophysics : seismic, electric,
electromagnetic, gravimetry,
and magnetometry

Choutuppal (43km2, 26
piezometers (14-60 m depth)
Maheshwaram (55 km2, 150
piezometers (15-100m depth)

2 rain gauges, one pumping
borehole, 1 observation
piezometer

Various geophysical
methods and approaches
(mapping, sounding,
imaging) – various scales of
interest (10 cm to 100 m)

Long term evolution of
piezometry and chemistry in
response to overexploitation,
climatic and anthropogenic
changes
Long term collaboration with
National Geophysical Research
Institute

Investigations on reactive
transport processes in alluvial
hydro-system in relation to
surface/ groundwater mixing
Long-term evolution of water
level and chemistry of a
exploited aquifer

Development of
geophysical methods
(active seismic, electrical
resistivity, polarization,
EM) for the imaging of the
Critical Zone spatial and
temporal heterogeneities
(acquisition techniques,
processing and inversion
workflows)

Monitoring, experimentation and modeling
Hydrology: piezometric levels,
Hydrology : rainfall height,
pumping flow rate, climatic
river height, piezometric levels
variables
Chemistry : major and trace
Chemistry : major ions and
ions, isotopes, phytosanitaries,
traces, isotopes
pharmaceuticals, microbiology:
Geophysics : electrical resistivity
pathogen bacteria
tomography
Landuse change

System dynamics under
constraint
Geophysical imagery
methodological and
instrumental development

pumping tests, flowmeter tests,
tracer tests, time lapse
geophysical imagery, artificial
recharge, monitoring of recharge

3D to 4D karst aquifer model
development

2D regional groundwater flow
modeling
1D geochemical modeling of
water-rock interactions

http://hplus.ore.fr/en/lsbb/datalsbb

http://hplus.ore.fr/en/india/data
-india-choutuppal and
http://hplus.ore.fr/en/india/data
-india-maheshwaram
Heterogeneity of weathering
profile at catchment scale
Relationships between
hydrodynamic characteristics and
transport parameters
Origin and fate of geogenic
contaminants,
Water quality vulnerability to
anthropic and climate change.

Bimensuel hydrodynamic and
hydrochemical data.
Petrophysical characterisation ,
Different time and spatial scales
hydrogeophysical approaches.

Time-lapse at acquisitions
of geophysical data
(seismic and electrical
resistivity tomography, EM
mapping etc.) at different
time scales

Hydrogeophysic (ERT), in situ
permeability tests, borehole
logs, coupling measurements
of contaminant concentrations
and groundwater flows
quantified by Fiber optic
distribute temperature sensing
method
Conceptual model of the
hydrosystems

Scaled multi-method
geophysical experiments
and surveys. Simultaneous
acquisitions of
complementary
geophysical variables

Monthly hydrodynamic and
hydrochemical data.
Origin and characterization of
water in an alluvial system
(focus on surface/groundwater
mixing).
Chemical reactivity in relation
to pumping

Develop new approaches
to go from structural and
static property imaging to
process-based imaging
approaches

Development of alternative
forward models to be
implemented in
geophysical inversion tools

Figure 1: Main characteristics of H+ sites and associated teams
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Figure 2: co-location of different imaging techniques on densely monitored experimental sites to quantify
subsurface spatial structures, fluxes, heat transfer and reactive transport phenomena.

Ploemeur
Poitiers
Larzac

Auverwatch

Hyderabad

LSBB
Mallorca

Figure 3: Current location of the H+ sites

The H+ management committee, which includes the PI, the deputy scientific manager, and the site
managers, coordinates the network and ensures that it reaches its objectives in terms of site
operation, scientific progresses and data storage and dissemination. Decisions regarding budget,
network management and prospective are taken during H+ meetings that take place on an average
bi-annual frequency.
III.1.c Methodology and objectives
The scientific activities developed in the H+ observatory are organized around three main research
objectives:






develop innovative technologies and methodologies for imaging of subsurface systems, in
particular within the national “Equipment for the future” project managed jointly with the
catchment network RBV (CRITEX 2012-2019 https://www.critex.fr)
test, compare and validate these novel methods in highly instrumented experimental
research sites (Figure 2), where the new results, data are made available to academia and
industry through a common on-line database (hplus.ore.fr),
integrate the produced datasets into predictive simulation tools to enhance process
understanding and improve operational simulations for subsurface operations.
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Long-term observations of subsurface environments, typically superior to ten years, are motivated
by the broad range of response and residence times of these systems that provide resilience to
hydrological systems to environmental changes. The main objectives of the long-term monitoring
are i) to analyze the hydraulic and chemical response of aquifers to perturbations (e.g. pumping), ii)
to quantify the impact of climatic or land-use changes, and iii) to obtain measurements of fluxes
and element transport in the hydrological cycle over time scales representative of these systems
that are characterized by a broad range of response times.
These long-term observations are complemented by experimental campaigns to characterize
physical and chemical heterogeneity, target hotspots, which cannot be accessed by classical
observations, and parametrize hydrological models. A specificity of H+ is to develop this field
experimental approach to push forward the coupling of data and models. The database is at the
center of this approach to accumulate a mass of information on these complex natural objects, and
use it in predictive models.
Complementary scientific objectives are defined on the different instrumented sites (Figure 1): the
impact of groundwater abstraction on the water cycle in fractured media (Ploemeur and
Hyderabad), coupled transfers in highly localized flowpaths and a porous matrix (Poitiers), recharge
pathways and storage distribution in karstified systems (Larzac), the monitoring of saline intrusions
in coastal aquifers located in semi-arid regions (Mallorca), the study and imaging of intermittent
flow and transport processes in the unsaturated zone (LSBB tunnel), the study of the transport and
reaction of emerging contaminants in interacting river-groundwater systems (Auverwatch).
III.1.d Summary of the main scientific advances and outcomes achieved in the last decade
Scientific advances obtained during the last decades on the H+ sites include:
-

The test of modelling hypothesis from in situ data and the inverse problem in hydrogeology:
the production of high quality data, driven by modeling questions, is one of the major
challenges addressed by the H+ observatory. The objective is i) to design key experiments to
test the model hypothesis and predictive capacities, ii) to develop appropriate inverse
modeling approaches for imaging techniques adapted to the high level of heterogeneity of
subsurface environments. This objective has been at the root of the creation of the H+
observatory and modeling teams have been closely associated to the development of the
experimental sites. Hence the H+ datasets are used to test models at different scales by teams
beyond the network itself. The modeling benchmark (Bodin et al. 20121) performed on the
Poitiers site and the on-going collaboration with Neuchatel on multiple-point statistics (Figure
4, Le Coz et al. 20172) illustrate this approach. A long-term collaboration has been developed
with the University of Lausanne for the development of inversion algorithms that account for
multiple data types in a probabilistic framework for fractured media (Figure 5, Dorn et al., 2011,
2012, 20133, Shakas et al. 2016, 20174). Inverse modelling have been also implemented at
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larger scale (Hyderabad site) to obtain spatial (2D and 3D) distribution of hydrodynamic
parameters in heterogeneous crystalline rocks (Dewandel et al. 2012, 20175).

Figure 4: Examples of drawdown surfaces (for a pumping rate of 2 102 m3 s-1 at the center of the domain over
a period of 104 s) simulated for a well-developed (a) and poorly developed (b) karst network close to the
pumping well based on data from the Poitiers site (Le Coz et al., 2017 6).

Figure 5: radar imaging of fractures on the Ploemeur site in collaboration with the University of Lausanne,
example of inverted fracture network and distribution of hydraulic head in fractures (Dorn et al. 2011, 2012,
20137, Shakas et al. 2016, 20178)
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-

The characterization of transport processes and biogeochemical transformations in the
subsurface and through interfaces with other compartments. The combined use of different
artificial and environmental tracers, including heat or reactive tracers is a promising approach
to reduce characterization uncertainty of transport processes and conceptual models (Read et
al. 20139, Klepikova et al. 201410, Roques et al. 201411, Roques et al. 201712, de la Bernardie et
al., under review13). Controlled tracer test data, obtained on the Ploemeur and Hyderabad
fractured rock sites, were used to test and validate recently developed non-Fickian transport
model, including the CTRW model (Kang et al., 201514, collaboration with MIT) and the
stochastic stream tube model (Guiheneuf et al. 201715, collaboration with the university of
California at Long Beach). Dissolved gases measurements (CFC) have been inverted to infer the
distribution of groundwater residence time leading to significant reductions of uncertainty for
the calibration of groundwater models (Leray et al. 2012, 201416, Massoudieh et al., 201417,
Marcais et al. 201518). Field campaigns have been taken place on the H+ sites to study fluid
solid interactions (e.g. analysis of selenium dissolution on the Poitiers site), the role of microorganisms in reactive transport (e.g. denitrification on the Ploemeur site), the influence of
mixing processes on biogeochemical reactions in the saline wedge on the Mallorca site (see
Figure 6, Hery et al., 201419) and at the river water / groundwater interface (Auverwatch site,
Mohammed et al., 201420). Finally, H+ teams have recently started investigating the structure
and functions of deep microbial communities (RNA and DNA sequencing, metagenomic
analysis) in relation to groundwater residence-time, in collaboration with the Ecobio laboratory
(Microbial ecologists) (Ben Maamar et al., 201521, Bochet et al., under review22).
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Figure 6: Top : geochemical profiles measured
on the Mallorca site showing mixing induced
biochemical reactive processes at the interface
between freshwater and salt water (transition
zone located around 70 meters depth), left:
porosity profiles and associated microscope
images on the same site (Garing et al. 201323,
Hery et al., 201424)

-

The quantification of recharge fluxes in heterogeneous media: Groundwater systems interact
with surface environments on a wide range of spatial and temporal scales, driven by recharge,
groundwater upwelling, capillary driven upflow, and lateral flow to rivers (Figures 7 and 8).
Recharge is focusing a lot of attention mainly for its consequences on water management. The
main challenges are to quantify vertical exchanges at relevant scales and to account for
preferential pathways in heterogeneous media (Figure 8). The approach developed by H+
teams is twofold: (1) use integrative tools to define recharge rates and pathways through the
unsaturated zone and (2) quantify its impact on groundwater systems. New experimental
methods combining direct flow measurements and geophysical imaging have been recently
tested on the H+ sites to characterize the spatial variability, the scale dependency and the
temporal dynamics of recharge fluxes. Innovative developments include: the monitoring of
recharge dynamics from repeated absolute gravity measurements (Figure 7, Jacob et al., 2009,
201025, Mazzilli et al., 201326; Fores et al., 201727), time-lapse surface-to-depth gravity
measurements (Champollion et al., 201828), geophysical imaging of heterogeneities in the
unsaturated zone (Mazzili et al., 201629; Carriere et al., 201730), and long-term monitoring of
water levels and hydrochemical data (Figure 8, Jimenez-Martinez et al., 201331; Roques et al.
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201732). In parallel with this effort for quantifying the role of heterogeneity on recharge
dynamics, some studies have analyzed how reservoir scale heterogeneities control the
reservoir’s hydrological functioning (Roques et al., 201433; Guihéneuf et al., 201434), in
particular through the monitoring of infiltration basins used for managed aquifer recharge in
India (Alazard et al. 201635).

Figure 7: (a) Absolute gravity variations at the Larzac site (CANA, BLAQ, and SALV), corrected for regional
hydrology (see text for explanations). Survey periods S1 to S4 are indicated by vertical gray bars. (b) Daily and
cumulative rainfall measured at BLAQ. (c) Daily Durzon spring discharge (blue line) and cumulative areal
discharge (green line) (from Jacob et al. 2009, 201036).

-

Hydromechanical processes: Water is in direct contact with the hosting aquifer rock, where
both interact physically by fluid-solid coupling. This includes: (i) solid to fluid coupling that
occurs when a change in applied stress produces a change in fluid pressure or fluid mass (e.g.
tide-induced water level variations) and (ii) fluid to solid coupling that occurs when a change
in fluid pressure or fluid mass produces a change in the volume of the porous material (e.g.
subsidence related to groundwater mining). Therefore, aquifer structure, mechanics, flow and
storage are intimately related, with several consequences. (1) Mechanical methods can
become tools to investigate reservoir properties. Pressure changes, powering fluid flow, also
generate deformation that can be observed remotely. Deformation offers new potentials to
explore the internal structure and behaviour of heterogeneous aquifers. As an example, active
fractures have been highlighted by coupling hydraulic tests and deformation tools (Schuite et
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al., 2015, 2017a37). H+ network is also contributing to develop seismic tools to monitor storage
changes (Pasquet et al., 201638; Fores et al., 201839). Several bottlenecks remain, such as the
petrophysical relationships linking rock/water properties and seismic wave velocity. (2) The
solid structure evolves over time and flow is pressure dependent, which in turn affects
hydraulic parameters (Schuite et al., 2017b40). Although numerous studies exist at core scale,
studies as site scale are rare and the relevance of these processes remain as elusive.

Figure 8: Conceptual representation of recharge in fractured crystalline rocks (Jimenez Martinez et al.,
201341)

III.1.e Development of innovative experimental or measurement methods.
H+ teams are strongly involved in the development of innovation experimental methods in
particular through the Equipex project CRITEX (2012-2019 https://www.critex.fr/), which was
developed jointly by the H+ and RBV networks. H+ teams are in particular responsible of the
following work packages: WP3 spatially distributed monitoring of temperature with fiber optic DTS,
WP 6.1 seismic methods, WP7.1 well equipment, WP7.2 well monitoring, WP 7.3 reactive tracer
test experiments, WP 8.1 Gas tracing.
Some examples of innovative experimental developments achieved in the last years in the H+
network are given below.
-

Fiber optic DTS: Since 2006, the development of fiber-optic distributed temperature sensing
has yielded new opportunities for direct spatially distributed measurements of temperature in
hydrology (Selker et al., 200642). This has lead to many applications in hydrology, in particular
for characterizing exchanges between groundwater and surface waters, but also for detecting
fluxes or estimating water content within the unsaturated zone. However, except for few
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geothermal applications, this new technology was almost not used in hydrogeology until 20132015. At the Ploemeur site, we showed how fully distributed space-time measurements with
Fiber-Optic Distributed Temperature Sensing (FO-DTS) can be used to investigate groundwater
flow and heat transport in fractured media (Read et al., 201343). By combining heat injection
experiments with temperature measurements along fiber-optic cables installed in boreholes,
we were able to detect the main contributive fracture and to estimate spatially distributed
temperature breakthrough in each fracture zone (Figure 9). In a second study, we showed how
a distributed borehole flowmeter can be created from armored Fiber Optic cables with the
Active-Distributed Temperature Sensing (A-DTS) method (Read et al., 201444). The principle is
that in a flowing fluid, the difference in temperature between a heated and unheated cable is a
function of the fluid velocity. Another possibility for measuring borehole flows consists in
injecting a warmer fluid while tracking temperature changes along the borehole (Read et al,
201545; Bense et al., 201646). All these methods and tools were also applied to show how
groundwater dynamics in a karstic aquifer (Poitiers site) can be characterized through active and
passive Fiber Optic DTS methods (Figure 9). These tools and methods, which were found to be
also very useful for characterizing thermal transport (de la Bernardie et al., submitted47), are
currently applied for characterizing fluxes at interfaces between surface and subsurface
hydrological systems (see section IV).

Figure 9: Left: Temperature profiles measured at different times during a heat tracer test performed on the
Ploemeur site. The spatially distributed sensing offered by the fiber optic technology allows detecting the arrival
of the hot tracer at different depths corresponding to permeable fractures (Read et al., 201348). Right:
Temperature monitoring within a borehole during a pumping test in another borehole at the Poitiers site. The
characterization of the full spatial and temporal temperature response allow identifying the main karstic
conduits and their connectivity.

-

Periodic slug tests: Since about twenty years, hydraulic tomography is a technique under
development for characterizing the spatial variability of hydraulic properties. The principle
consists in inversing multiple hydraulic tests such as pumping tests and slug tests (Figure 10).
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Recent studies have shown that the use of oscillations of water levels at different frequencies in
the source well should permit to better identify the relevant signal within noisy datasets and
therefore much better characterize the medium properties. Moreover, this technic makes it
possible to identify the influence of the investigation scale on the properties according to the
chosen frequency and amplitude. Such a periodic hydraulic disturbance system was first used to
study the hydromechanical behavior of natural fractures (Ploemeur site, SNO H +) in
collaboration with M. Becker (California University, Long Beach) (Schuite et al., 2017b49). Since
that time, thanks to CRITEX support, we developed our own device that has been applied in
many different environments. It has been firstly used at the Kerrien-Kerbernez site (AgrHys,
SOERE RBV) to estimate the variations of the hydraulic properties of upper weathered crystalline
rocks along a hillslope. It is also currently used with success with fiber optic Distributed Strain
Sensing for detecting permeable fracture with an unprecedented scale resolution (1 cm) at the
Ploemeur site. It has been also used in March 2018 to characterize the hydraulic properties of a
saline wedge at Argentona site in collaboration with CSIC and University Polytechnica of
Catalogna. Here, the main advantage of the method is to not disturb the position of the
saline/fresh water interface. After some preliminary tests done in 2016, experiments with this
equipment have been carried out this summer to characterize a highly heterogeneous and
anisotropic granular medium at the Saint Lambert site in Canada (as part of the LIA FranceQuébec RESO "REssources et SOciétés" and in collaboration with D. Paradis and R. Lefebvre (INRS
ETE).

Figure 10: left: Principle of the periodic slug test method; right: example of datasets measured in the field
(Ploemeur site)

-

Mobile laboratory and dissolved gases: In order to quantify mixing and reactive transport
processes in natural systems, including catchments, rivers, hyporheic zones and subsurface
environments, the University of Rennes and CNRS have developed a mobile laboratory (Figure,
CRITEX WP 7.3) designed to host a suite of high frequency chemical analysis instruments allowing
a continuous monitoring of the evolution of dissolved chemical species and dissolved gases
during reactive transport experiments (Figure 11). The on-board instruments include in situ mass
spectrometer (MIMS), gas chromatography for dissolved gas measurements (Chatton et al.,
201750) and continuous flux measurements for measuring dissolved silicates, phosphates, iron,
ammonium, nitrates and nitrites concentrations at a frequency of 40 measurements per hour.
Tracer experiments are performed both in rivers and in the subsurface. Controlled injections in
the subsurface are achieved with a double inflatable packer fully equipped with multi-parameter
sensors. Subsurface experiments are performed both at H+ and ENIGMA sites. River and
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hyporheic zone experiments are performed at OZCAR instrumented catchments, in particular
those recently equipped with rivers labs3, which monitor continuously chemical concentrations
at high frequency (Floury et al., 201751). Tracer test experiments are designed to address
currently open questions about reactive transport processes in hydrological systems, including
catchments, rivers, hyporheic zones and subsurface environments. A range of biogeochemical
reactions are investigated, including redox reactions, such as denitrification and iron-oxidation,
possibly coupled with microbiological processes. The objective will be: i) to assess the impact of
flow rates and mixing processes on reaction rates, ii) to quantify the link between residence
times and reaction rates, and iii) to quantify the effect of subsurface reactive processes on river
chemistry.

Figure 11: Mobile laboratory at the Ploemeur site (left) for measuring hydrochemical and microbiological
properties in fractures at different depths isolated by a packer (right) (Bochet et al. under review 52)

-

Absolute gravimeters: Initiated by a French initiative for excellence RESIF-Core and the french
company Muquans (www.muquans.com) ten years ago, the development of a new absolute
gravimeter (AQG) is now in the final phase of validation. The AQG estimates gravity values from
free falling atoms. The main advantage is a more robust (no moving part) and compact absolute
gravimeter with continuous measurements capabilities. For hydrogeology, such a gravity sensor
could be used for time lapse mapping of water content in heterogeneous hydro-systems or as a
virtual piezometer during pumping tests. The validation phase of the AQG as now started within
the ITN project. One PhD has started in collaboration between Muquans and the Larzac team
from unversity of Montpellier (Geosciences Montpellier lab.)

-

Tiltmeters: Tilt is the local horizontal gradient of vertical deformation, which can be measured
very accurately (10-9 radians) with “simple” but highly stable instruments (Blum horizontal
pendulum, water-filled tube tiltmeters). These instruments are rarely used in geodesy because
of their sensitivity to water redistribution (called “local processes”). Indeed, the sensitivity of
these directional instruments scales with the inverse of the square distance, making them
suitable to investigate scales ranging from 1-m to 1-km. They appear to be perfectly suited for
hydrogeological studies, especially in heterogeneous media. The high value of tiltmeter has been
highlighted for several applications: 1) Defining active permeable structures and their properties
from surface observations. Intuitively, tilt is sensitive to the pressure imbalance between each
side of the rotation axis, which is negligible for homogeneous media, while important in
heterogeneous media. Recently, the hydromechanical properties of 80-m deep fractures were
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estimated from surface tiltmeters during a sinusoidal test (Schuite et al., 2015, 201753). 2)
Imaging GW flow structure. If vertical deformation is linked to groundwater head, the lateral
gradient of deformation is strongly linked to flow as defined by the Darcy law. Very high
correlation between karstic spring discharge and tilt observed 15-km away has been highlighted
on the LSBB site (Lesparre et al., 201754). Intuitively, tilt also provides an information on
groudwater fluxes, averaged over it sensitivity domain. Schuite et al., 2017 also highlighted flow
structure during a pumping test from analysis of the ratio between tilt and pressure changes.
Indeed, deformation is much more efficient when pressure change is focused in a fractures, as
compared to matrix-fracture exchanges. They isolated 2 different flow regimes and their
transition (1D fracture flow then 2D matrix/fracture exchanges) based on the joint interpretation
of tilt deformation and groundwater head data. This approach was validated by a state of the art
poroelastic model

Figure 12: (a) Pluviometry data in mm d−1. (b) Flow at the FdV outlet. (c) Tilts measured along the 350◦N
direction with the long base of about 150 m (LSBB site). An increase of the tilt indicates that the southern block
rises up. Red lines indicate rain events with precipitations higher than 15 mm. Tilt variations higher than 0.3
μrad are marked by red stars. The red crosses denote the starting of the flow and tilt increase on the plots (b)
and (c), respectively (Lesparre et al. 2017)
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III.1.f Research collaborations
The H+ network promotes actively the development of scientific collaborations on its experimental
sites. Exchanges are either directly funded by the network or through scientific projects (national
and European) that make use of the sites. Hence, the experimental sites host every year
experimental campaigns involving external scientists from France and abroad. A H+ meeting was
organized in 2013 in Julich that gathered the main teams developing experimental sites in Europe
(http://hplus.ore.fr/en/meeting-julich). This meeting led to the ITN project ENIGMA coordinated by
CNRS Rennes (https://enigma-itn.eu).
The development of exchanges with the catchment network RBV has been active for several years
since it represents a major interest for: i) addressing scientific questions at the interface between
the subsurface and surface components of flow that are critical for quantifying fluxes of chemical
elements in the water cycle, ii) pooling investments in equipment to ensure an access of both
networks to the latest instruments, iii) structuring the scientific community on critical zone in France
to participate to the European structuration. This collaboration led to the critical zone projects
Equipex CRITEX (see next section), and the national research Infrastructure OZCAR which is within
the eLTER European infrastructure. This infrastructure represents a significant advance to develop
exchanges on the long-term between the hydrology, hydrogeology, geophysics, geochemistry, and
ecology communities, hence bringing across traditional fields.
III.1.g Societal and industrial collaborations
Active collaborations are developed with industrial partners to transfer the knowledge and knowhow acquired on H+ sites to applications. This includes water resources management (local and
regional water agencies/BRGM/Auverwatch/Ploemeur/Hyderabad), geothermal energy (Antea
group/BRGM/Ploemeur), waste storage and fracture network modelling (ITASCA/SKB/Ploemeur),
oil extraction (TOTAL/LSBB), Fiber optics distributed temperature sensing and distributed acoustic
sensing (SILIXA/Ploemeur/Poitiers), absolute gravimeters (Quans/Larzac/LSBB). These
collaborations take different forms:
Infrastructure development for understanding subsurface environments
Societal and industrial partners invest on H+ infrastructures to gain knowledge on the functioning
of subsurface systems that are of direct interest to them. The regional water agency is directly
funding the instrumentation and water analysis on the Auverwatch site to understand the fate of
emerging contaminants in the regional water resources. The city of Ploemeur and Cap Lorient have
collaborated actively with the University of Rennes, including by funding borehole drilling, to
enhance understanding of the fractured aquifer of Ploemeur, which constitutes an important water
resource in the region. BRGM, NGRI and the local government have collaborated closely to develop
the Hyderabad site in order to test decision support tools dedicated to a sustainable management
of groundwater resource. Finally, TOTAL has recently funded the drilling of cored boreholes on the
LSBB site, which serves as an analog, in terms of structure and processes, to oil reservoirs. IFPEN
(Institut Français du Pétrole – Energies Nouvelles) organizes a field trip every year to train students
on the Poitiers site, which is also considered as an analog of a karstified limestone oil reservoir and
which has been designed following the five points oil extraction system for borehole locations.
Exchange of new concepts for managing heterogeneous systems
During the last decade there has been a continuous interactions regarding the characterization and
modelling of flow and transport processes in fractured media between the Ploemeur site, the SKB
site for waste storage, the University of Rennes and the ITASCA consulting company. This has led to
the development of new concepts for the hydrogeophysical characterization (Dorn et al., 2011,
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2012, 2013, Shakas et al. 2016, 201755) and modelling of fracture networks (Davy et al., 2013,
201856), which are being tested both at the Ploemeur and SKB sites. Furthermore, the
understanding of the link between mixing in heterogeneous media and biofilm development, first
observed on the Ploemeur site (Bochet et al. under review57), has been used to explain bioclogging
processes disturbing geothermal operations in collaboration with Antea group (Burté et al., under
review58).
Technological developments
The instruments and methods developed and tested on the H+ sites are often designed in
collaboration with companies developing new technologies. Instrumental development include:
spatially distributed measurement of temperature and fluxes by DTS fiber optic (with industrial
partner SILIXA), the development of a new absolute quantum gravimeter that can be used for field
surveys (with industrial partner MuQuans), the development of fractured rock characterization
methods for geothermal energy systems (with industrial partner Antea group). The H+ sites are
particularly useful to demonstrate the interest of novel instruments and methodologies. A large
scale demonstration has been organized in 2015 for the fiber optic monitoring of 3D subsurface
temperature and acoustic measurements at the Poitiers site, in collaboration with industrial
partners and academic partners from France.
Knowledge transfer to end-users
In India, the management of groundwater has become a crucial issue for the authorities. Agriculture
(and millions of farmers) are highly dependent on the conditions of groundwater resource.
Simplified water budget approach has been developed and applied to irrigated regions in semi arid
conditions in order to simulate the water level changes in overpumped aquifers. The method is able
to simulate the water levels fluctuations induced by cropping pattern and pumping strategies
changes (Dewandel et al. 201059). The method is implemented into an Excel sheet which can be
used by local water agencies (Andhra Pradesh or Telangana groundwater departments, Central
Groud Water Board) to estimate the required agricultural practices adaptations in order to recover
a balanced water budget and fight against long term water table depletion. The tool can be used by
NGOs in order to illustrate the effects of water saving practices on the depth to water.
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III.2 Parameters measured, Data, Information System
III.2.a Parameters measured
The parameters measured on the H+ sites managed by the French partners are given in table 2.
Frequency
Year, semester
Month
Day
Hour
Minute
Seconde
Milliseconde

Experimental
campaigns

Parameters
Hydrochemistry, residence times, borehole multiparameter profiles
Hydrochemistry (including water stable isotopes)
unsaturated zone/saturated zone/surface
water/rainwater, borehole multi-parameter profiles
Electrical resistivity
Weather data, point measurement of temperature
and electrical conductivity
Piezometric levels, GPS, unsaturated zone
monitoring (water content, pressure, temperature)
Absolute gravimeter, high precision inclinometers,
flux tower, GPS
Seismometer
Borehole geophysics (multi-parameter probe,
gamma ray, optical logs, resistivity, PS, flowmeter)
and surface geophysics (electrical, electromagnetic,
seismic). Pumping tests, flow measurements, fiber
optic DTS and/or DSS, solute, thermal and reactive
tracer tests, time lapse hydrogeophysics

H+ sites
Ploemeur, Mallorca, Larzac,
Hyderabad, Auverwatch
Ploemeur, LSBB, Auverwatch
Mallorca, Larzac
Larzac, Poitiers, Ploemeur, LSBB,
Hyderabad, Mallorca, Auverwatch
Larzac, LSBB, Poitiers, Ploemeur,
Mallorca, Hyderabad
Larzac, Ploemeur, LSBB
Ploemeur

Ploemeur, Poitiers, Mallorca,
Larzac, LSBB, Auverwatch

Table 2: Parameters measured on the H+ sites (for the sites coordinated by French partners directly funded by
the SOERE)

III.2.b Database
Data archiving and dissemination is a key objective of the H+ observatory. The H+ network is
committed to an open data policy. To extract data, users create an account in the H+ database that
they obtain after agreeing with database chart. A significant effort has been done during the last
years to ensure that the main datasets of all sites are continuously inserted in the database. The
average number of data values entered every years by H+ teams is 50 million. There are currently
over 170 registered users of the database, who make an average of 200 requests every year.
Workshops are regularly organized by the H+ database managers for training users to enter and
extract data from the H+ database. The ENIGMA PhD students have been trained to the H+ database
to learn procedures to archive and disseminate data. Within ENIGMA links between the H+ database
and the other ENIGMA databases (e.g. TERENO, HOBE, CAMPOS) will be established. One site,
Hermalle managed by Liege University, has been integrated in the H+ database.
The archiving and dissemination of these experimental data requires a close coordination between
data providers, database experts and data end users in order to define data insertion formats that
are adapted for each new experiment. New data formats are regularly defined for new types of data
(e.g. Fiber optics DTS, time lapse hydrogeophysical images, tracer tests…). For certain types of data
the insertion procedure is very efficient. This is the case in particular for monitoring data produced
by permanent hydrological or geophysical sensors, for which semi-automatic treatment and
insertion procedures are defined. However, the insertion of datasets obtained from experimental
campaigns is usually more challenging since these datasets correspond to unique multi-sensors
arrangement with different experimental protocols defined for each experiment. This experimental
approach is one of the particularities of H+ compared to other observatories. Our objective is not
only to monitor natural evolutions but also to study the response of the systems to induced
controlled perturbations to probe conceptual and modelling representations. The insertion of
hydrogeophysical datasets is a significant challenge due to the different nature and format of the
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hydrological (e.g. pressure evolution, tracer breakthrough curve) and geophysical data (e.g. ERT
panels or GRP profiles…). Discussions are on-going in the ENIGMA project to find common
procedures at European level to archive and disseminate hydrogeophysical data.
The continuous improvement of the extraction interface of the online database is important for the
H+ observatory to ensure an efficient access to new users. Significant progresses have been
achieved in this direction during the first SOERE period. H+ data can be currently extracted in three
different ways:
i)
ii)
iii)

by formulating requests in the advanced interface,
by consulting pre-defined requests that allow a direct download of the main datasets on
each site (there are currently over 280 pre-defined requests at the network scale),
by the google earth interface (example for Ploemeur site
http://hplus.ore.fr/documents/ploemeur.kmz) that allows a spatial visualization of sites
and measurement locations (Figure 13). There are on average 200 downloads per year
through this interface.

Figure 13: Illustration of the integration of the LSBB (left) and Hyderabad sites (right) in the H+ database and
its google earth interface. Left: location of flow measurement stations in the LSBB tunnel, right : instrumented
boreholes on the Hyderabad site.

III.2.c Management and participation in data calibration and validation initiatives;
The H+ observatory organizes international intercomparison exercises for validating new
measurement techniques or inverse modeling approaches. In particular H+ hosted in 2012 the first
international intercomparison exercise for groundwater dating techniques (GDAT) coordinated by
H+ scientists. Results were published in the special issue of the journal of applied geochemistry
« Dissolved gases in groundwater and groundwater dating methods » (Labasque et al., 201460,
Visser et al., 201461). In parallel, modeling studies were performed to evaluate the information
content on groundwater age data for calibrating hydrogeological models (Massoudieh et al., 201462,
Leray et al., 2012, 201463).
III.2.d Lists of teams exploiting the data
The H+ sites offer particularly attractive conditions for teams to test new methods since they are
already well instrumented and documented from large datasets. The external teams are given
below:
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15 teams in France : UPMC Paris, UBO Brest, Université de Nantes, Lhyges Strasbourg, LSCE Paris,
METIS Paris, IFPEN Paris, UPPA Pau, CEREGE Aix, LTHE Grenoble, CEFE Montpellier, Ecole des Mines
de Paris, LTHE Grenoble, Université de Chambery, University of Orsay
17 teams abroad : University of Lausanne (Switzerland), MIT (USA), Université of East Anglia (UK),
Oregon State University (USA), University of Liège (Belgium), Université of Bochum (Germany),
Politecnico di Milano (Italy), European Center for Geodynamics and Seismology (Luxembourg),
Virginia Tech (USA), University of Neuchatel (Switzerland), Charles University of Prague (Czech
Republic), University of Oxford (UK), University of California at Long Beach (USA), University of
Balearic Islands (Spain), University of Mons (Belgium), Los Alamos National Lab (USA National)
National Geophysical Research Institute (India).
III.3 Communication, outreach and training
The H+ teams are involved in public engagement activities to explain the scientific results (by means
of videos and simple schemes) to the general public64. In order to carry out these activities, the H+
scientists regular contact with civil servants, local authorities and journalists and take advantage of
relevant public events to expose scientific results and to understand public requirements, such as
The Feast of Science’, which gives researchers the opportunity to have a direct interaction with the
local public. In addition, field trips are organized for the general public as well as geo-environmental
consultancies on the H+ field infrastructures to explain the principles and interests of the developed
imaging techniques. For instance, the French association of hydrogeologists working in public
institutions and agencies has organized his annual field trip in Ploemeur in 2009.
H+ is also contributing to outreach to the policy community. The challenge for policy makers is to
take appropriate decisions for developing appropriate subsurface exploration strategies and
monitoring networks, as well as to better understand the risks and opportunities associated with
subsurface heterogeneity. Thus, a special emphasis is placed on the dissemination of the results of
the project to policy agencies (e.g. regional councils and water and soil agencies). A direct link with
the policy community is established through associate partner BRGM, which is the main referent
for groundwater policy in France.
Training actions are regularly organized on the H+ sites. In particular, field courses take place each
year for master students of the universities of Poitiers, Rennes, Montpellier and IFPEN school. In the
field of professional training, a partnership was signed in February 2014 between IFPEN training,
CNRS and the University of Poitiers for the use of the Poitiers site as an analogue reservoir for
training on geophysics, geology and reservoir engineering in IFPEN training.
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see for instance: https://www.youtube.com/watch?v=UmsudGz1UKw&feature=youtu.be,
https://www.youtube.com/watch?v=R029WN1zU4s
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IV Project for 2018-2023
IV.1 Evolution of the network at the national and international level
IV.1.a Analysis of strength and weaknesses
We provide here an analysis of strengths and weaknesses of the H+ network in order to anticipate
its evolution in the coming years.
Strengths:
-

-

-

-

H+ is an elementary component of the CNRS observation infrastructure, which guarantees the
quality of data and the long term monitoring, and makes it eligible for recruiting CNAP
researchers, which dedicate a part of their time to the network (one CNAP scientist is currently
working for the H+ network: Tanguy Le Borgne)
It offers an experimental platform for PhD students and postdocs, which benefit from the
accumulated knowledge and infrastructure of the H+ sites
The network structure allows pooling resources (instruments, know-how, database with
unique dataset), which is particularly important for field studies
It constitutes a good level and size for a collaborative network and offers a possibility to work
on common questions, as illustrated by the number of generated publications resulting of
collaborations between partners. It has contributed to structuring a community in France
involving hydrogeologists, geophysicists and geochemists.
The H+ sites serve as experimental platforms for international collaborations
The network has proved its ability to evolve constantly with new scientific questions: from the
impact of heterogeneity on flow and transport processes towards integration with other
discipline to answer larger scale questions
It has actively contributed to creating new scientific dynamics, by launching the CRITEX project
and OZCAR infrastructure, together the RBV network, and by building the ITN project ENIGMA,
with the main European partners developing field oriented research

Weaknesses:
-

-

Maintaining operational instruments, an updated database and a dynamic scientific activity on
the sites requires a strong involvement of scientists and technicians. Nevertheless in the
current context it is challenging, yet critical, to recruit or renew technical staff for the different
sites to guarantee their continuity. At network level, the first priority is the recruitment of a
CNAP scientist to develop interactions between H+ and the new OZCAR and eLTER
infrastructures (see Figure 14).
Funding dedicated to H+ infrastructure and science has been generally maintained at a good
level since the creation of H+, in particular thanks to a proactive strategy for scientific and
industrial project development. However, the integration in the OZCAR infrastructure also
requires dedicating more time and funding to interdisciplinary actions, and less to disciplinary
observations, which may pose a challenge for H+ sites in the coming years.

To summarize, the H+ network is pushing forward new initiatives at national and international
levels, which open a range of new opportunities for interdisciplinary actions and international
collaborations. There is clearly benefit to develop interdisciplinary research at interface with other
disciplines and bring the H+ knowledge and instruments in new scientific contexts. There are also
great scientific challenges, such as the exploration of deep microbial life, and pressing societal
issues, such as the management of water and energy resources, concerning subsurface
environments themselves. In the coming years, the general question that it posed for H+, in terms
of fund investment and recruitment strategy (e.g. CNAP, see Figure 14), is how to promote the
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creation of new interdisciplinary infrastructures at national and international levels, while
continuing to maintain and develop the existing infrastructures.
Scienfic director: O. Bour,
co-directors: T. Le Borgne, C. Champollion

Ploemeur (L. Longuevergne)
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Website
Temporary staff : M. F.
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Communication and reporting
Organization of H+ meetings
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Figure 14: Proposed new structure of the H+ network

IV.1.b Integration of H+ in OZCAR and eLTER
H+ partners have been deeply involved in the construction of the OZCAR infrastructure for critical
zone observation. OZCAR offers scientific opportunities for addressing new questions. Its integration
into the eLTER infrastructure at European level should guarantee a long-term funding. This
infrastructure also poses new challenges to H+ teams in terms of the organization of funding and
interactions with other sites.
Scientific interactions:
Scientifically, interactions with other sites within the OZCAR network are quite natural. Many sites
within OZCAR network are devoted to watershed hydrology and are working on the quantification
of water and geochemical fluxes. This requires accounting for the storage of water in the subsurface,
its redistribution in catchments through deep flow paths, and for the geochemical processes
occurring within aquifers. The long-term hydrological response of watersheds to climate change
strongly depends on storage in subsurface reservoirs. On a long-term perspective, the evolution of
land surface and alteration processes are linked to the architecture of subsurface flow paths.
Collaborations on these common scientific questions through shared projects or transfer of
knowledge are already occurring for a number of sites.
Few sites within the RBV catchment network are also devoted to aquifers, in particular on karstic
aquifers through the SNO Karst. Some common questions may be addressed and current
collaborations are on-going between the H+ and Karst observation services. Both structures have
their own relevance, but these collaborations should be promoted and strengthened in the near
future. The organization of common scientific workshops about groundwater and water resources
are currently discussed within OZCAR.
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Interactions on instrumental and technological developments
Interactions between H+ and other OZCAR observation services have been strongly developed
thanks to the CRITEX innovative equipment project (2012-2019 https://www.critex.fr/), which has
promoted the application of mature technologies used on H+ sites on other OZCAR sites, and has
enhanced collaborations between H+ and OZCAR teams on the development of innovative
techniques and methodologies. For instance, fiber optic DTS, developed by H+ Rennes, is currently
combined with low-cost temperature and pressure sensor to monitor surface water/ groundwater
and thermal exchanges on the OZCAR Orgeval site. Common experimental campaigns, including H+
and RBV teams, have taken place on the same site to jointly measure high frequency river
concentrations in major cations and anions, dissolved gases with the mobile laboratory and
geophysical signals. H+ teams also regularly advice and provide tools for developing the subsurface
instrumentation and characterization on the OZCAR sites.
Structuring:
Some of the H+ sites are already co-localized with RBV sites. This is the case of LSBB, which is located
on the Fontaine de Vaucluse catchment. Other H+ sites are in the process of forming regional
clusters that cover the different compartments of the critical zone. This is the case in Britany, where
a project of interdisciplinary observatory of continental environments is proposed by the University
of Rennes. This cluster would include the Ploemeur H+ site, the Agrhys catchment sites and the ZA
Armorique sites, developed by the ecology and sociology community. This model of regional
clusters, which is similar as the organization of TERENO in Germany, may be a strategy for developing
interdisciplinary actions within OZCAR, while maintaining existing successful sites. Such clusters may
fulfill the necessary requirements in terms of parameters measured and visibility to become eLTER
master sites.
At European level, it would be interesting to take advantage of the creation of the eLTER network to
strengthen the links that are being developed at European level within the ITN ENIGMA, and
maintain collaborations on the long-term.
IV.1.c Evolution of sites and partners
The immediate evolution of the H+ network concerns its sites and associated partners (Figure 14).
This evolution is driven by the end of the SOERE program, which funded two associated sites (LSBB
and Hyderabad), the application of the new site to integrate the network (Auverwatch), and the
difficulty to maintain scientific activity on one site (Mallorca).
We propose the formal integration of the LSBB and Auverwatch in the network. The LSBB site is
associated to the H+ since 2012 through the SOERE H+. This underground laboratory is a unique
infrastructure in Europe and the team responsible of the site has been able to develop in the last
years close collaborations with other H+ teams (Ploemeur, Larzac, METIS). In addition, the existence
of some scientific links with OZCAR’s site (colocation with the Fontaine de Vaucluse catchment)
facilitates its integration within OZCAR. The Auverwatch site applied in 2016 to integrate the H+
network. It received a very positive internal evaluation in 2016, based on the scientific quality of
the application and the complementarity of scientific topic and site. The integration of an alluvium
site to study the relations between subsurface and surface water in close collaboration with Rennes
(past collaborations on geochemistry, on-going collaborations on the use of fiber optics DTS) should
strengthen the network development.
In addition, we propose to integrate BRGM as an associated team. The integration of the BRGM site,
Hyderabad, in the SNO H+ poses administrative difficulties since it depends on BRGM and not CNRS.
Moreover, the future monitoring of the Hyderabad site is actually not guaranteed by BRGM but it
may be continued by Indian partners. Thus, the successful collaboration between H+ and BRGM,
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may continue through i) integrating BRGM as an associated team of H+, with the METIS team, and
ii) maintaining Hyderabad as an associated site in H+.
Finally, we propose that the Mallorca site becomes also an associated site. The Mallorca site has
been involved in the SNO H+ since the beginning of the network and has strongly collaborated with
H+ teams, contributing in particular to introducing borehole geophysics methods in the H+ network.
However, for the last few years, the involvement of the site manager has been decreasing due to
other scientific commitments. The site has not been active for the last two years.
IV.2 Scientific prospective
The initial H+ questions remain very active areas of research and the H+ sites will continue to
contribute to providing field data and develop innovative experimental approaches to understand
and quantify the role of subsurface heterogeneity in driving flow, transport, reaction and
hydromechanical processes. The scientific prospective for each site (see annexes) shows that
specific objectives are defined for each site:










Ploemeur/Guidel site: quantify interactions between subsurface and surface environments
by studying the hydrological, geochemical and ecological impact of the creation of a new
groundwater abstraction site.
Larzac site: expand the range of geophysical methods to study vadose zone processes in
karst systems, from geodesy methods to passive seismology, Self Potential and ERT.
Poitiers site: quantify the impact of karst heterogeneity on transport processes.
LSBB site: take advantage of the drilling of a new gallery and new boreholes to investigate
the role of geological structures on the hydrodynamic behavior of the unsaturated karst
system.
Auverwatch site: investigate the fate and reactivity of emergent molecules by coupling
chemical sensor development and the use of new molecules as tracers with hydrogeological
methods, such as active fiber optics DTS, in collaborations with H+ teams.
Hyderabad site: use the understanding of hydraulic connectivity, hydrochemical transport
processes and groundwater flow dynamics obtained at experimental site scale to
investigate the impact of sustainability of groundwater resources at larger scale in the
context of crystalline aquifers in semi-arid climate.

In addition to these initiatives and projects on each site, it would be useful to synthesize the
observations made on different sites on a specific question. For instance, between the Poitiers,
Ploemeur and Hyderabad sites, the H+ network now provides a unique database of tracer tests in
different hydrogeological context. While the interpretation of these test has been the topic of
individual papers, it would be interesting discuss the lessons that might be learnt by comparing the
transport behaviors on these different sites. The corresponding tracer test database would also
benefit the community for testing modelling hypothesis. There are clearly similar opportunities for
other topics, such as hydro-mechanic coupling (Ploemeur, LSBB, Larzac) or recharge (Ploemeur,
Larzac, Hyderabad, LSBB).
In the following, we detail some of the emblematic scientific topics that will drive future research
on H+ sites.
IV.2.a Transport processes and biogeochemistry
One of the key scientific question that will be addressed in the coming years is to elucidate and
quantify the link between the spatial heterogeneity and intermittency of hydrological fluxes and the
patterns and rates of biogeochemical processes. Hydrological flows sustain enhanced reaction rates
by delivering missing reactants for fluid-fluid or fluid-mineral reactions, and nutrients for
microorganisms. Reactive biogeochemical hot spots often form at the intersection of hydrological
28

flow paths, where the confluence of complementary reactants promotes biogeochemical activity
that can disproportionately influence macroscale production rates. Understanding where and when
this hot spot form is thus critical to modelling biogeochemical processes in hydrological systems.
Reactions of particular interest include redox reactions that control the cycle of major chemical
elements, such as nitrogen, carbon and iron, dissolution/precipitation processes, which can create
or reduce porosity and control weathering fluxes, and adsorption/complexation reactions that play
an important role in contaminant transport and degradation. All these reactive processes also
strongly interact with the organization, biodiversity and functions of subsurface microbial
communities, which represents one of the current frontier of science.
Recent findings on H+ sites have shown that fracture-induced microbial hot spots can occur over a
broad reactive zone that extends hundreds of meters below the surface (Figure 15). The role of
fractures in deep microbial hot spot formation was supported by the analysis of a massive microbial
mat of iron-oxidizing bacteria flourishing 60 meters below the surface, far below the shallow mixing
zones where most microbial activity is believed to occur. This deep biogeochemical hot spot formed
at the intersection of bedrock fractures, allowing fluids with contrasting redox chemistry to mix.
Metagenomics showed an order of magnitude increase in the abundance of iron-oxidizers in the
hot spot, which primarily harbored unknown members of the Gallionellaceae family. Because
fractures can mix fluids of extremely different residence times, they significantly enhance the range
of depths where microbial communities thrive.
The questions that will be addressed through field observations on the H+ sites include: What are
the spatial patterns and temporal dynamics of reactive hot spots? What is the role of
biogeochemical hot spots in mixing interfaces such as the hyporheic zone in governing
concentration and fluxes of chemical elements? What are the appropriate conceptual models to
quantify the impact of reactive hot spots on effective reaction rates? How do microbial communities
interact with minerals? How do they response to seasonal hydrological cycles?

Figure 15: A. Common representation of subsurface flowpaths in a homogeneous subsurface. As water flows
along flowpaths, the redox sequence evolves from oxidizing (blue) to reducing (red) conditions. Flowpaths
carrying water at different redox states intersect only at the outlet, creating localized reactive hot spots at the
interface between aquatic and terrestrial environments (McClain et al. 200365). B. Conceptual model for the
formation of deep reactive hot spots. The sketch represents bedrock, where flow is mainly localized in fracture
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zones, overlaid by weathered rock. In recharge areas, where the hydraulic head in the weathered zone is larger
than in the deep fractured zone, oxygen-rich water flows through weathered zone down to deep fractures. In
discharge areas, deep groundwater flows from the fractures to the weathered zone to feed rivers. Mixing hot
spots develop at intersections between oxidized and reduced fractures, hence sustaining a range of deep
microbial processes. C. Zoom on the intersection of oxidized and reduced fractures. D. Scanning Electron
Microscope observations of the microbial mat: Twisted stalks characteristic of some strains of Gallionella and
Ferrphaselus (from Bochet et al. 66).

H+ teams have started bringing new constraints to these questions by coupling experimental and
monitoring approaches. Collaborations are actively developed with geochemists (K. Maher,
Stanford, J. Druhan, University of Wisconsin, L. Ma, University of Texas, J. Gaillardet, IPGP) and
specialist of microbial processes (A. Dufresne, Ecobio, B. Ménez, IPGP). The diversity of H+
experimental sites, with very well characterized flow paths and transport properties, offers a
scientific opportunity to explore the spatial patterns and temporal dynamics of coupled reactive
and microbial processes. Key challenges will be to link microscopic observations in the lab to field
processes, to define model species for groundwater microbes, to develop smart tracers, which can
be proxies for reactive and microbial processes (e.g. dissolved gases or fluorescent dyes) and to
understand what are the generic and site-specific properties of microbial communities.
IV.2.b Interactions between subsurface and surface environments in the critical zone
As detailed in section II.1.a, the interactions between subsurface and surface environments is one
of the emerging question of the H+ network. This is consistent with the enhancement of the
integration of interdisciplinary approaches developed in the OZCAR infrastructure. The main
questions are “how does groundwater flow shape ecosystems?” and “what is the impact of
anthropogenic and climatic pressures on groundwater systems?”.
Since 2016, a new interdisciplinary monitoring has been developed on the Guidel site (located close
to Ploemeur in a similar geological context and climatic forcings), to investigate the hydrological,
biogeochemical and ecological impact of the development of a new groundwater abstraction site
(Figure 16). Deep groundwater is naturally upflowing, feeding a groundwater-dependent ecosystem
with large amounts of warm and iron-rich water (Figure 16). The new municipal pumping station
will be started in 2019, which will first capture deep water, boost reactivity and completely modify
water flow between the different hydrological compartments. This can be considered as a largescale and long-term experiment, at time scales ranging from the day/month for flow to year/decade
for water quality and heat transfer. The interdisciplinary measurements planned on the site
includes: (a) at 10-m scale, a network of 6 shallow boreholes, continuous induced polarization
monitoring, flux tower to study the evolution of vertical depth-surface exchanges, repeated survey
of hydrochemistry, gas production, microbial community structure from DNA, vegetation patterns,
ERT and seismic profiles, to explore processes and spatialize them (b) at system scale, pumped water
and river discharge/hydrochemistry, deformation and downstream evolution of a Natura2000
ecosystem to capture the impact of pumping at larger scale, including zones outside the topographic
catchment.
Other initiatives for studying the link between subsurface flow and transport and other processes
are on-going in collaboration with OZCAR teams. The use of heat as a groundwater tracer is
particularly well suited for a large number of applications. Interestingly, it is now possible to monitor
and quantify intermittent high frequencies flow processes through high precision temperature
measurements not only within the hyporeic zone at few meters deep but also within fractured or
karstic aquifers, at much greater depths. The future challenge will be to understand how these
intermittent temperature changes, may be used to characterize flow processes, mixing and
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reactions occurring in the upper critical zone. A full range of complementary measurement tools is
now available for temperature measurements. For instance, fiber optics DTS monitoring systems
have been installed by H+ teams on the Kerbernez and Orgeval catchment sites in order to
investigate subsurface/surface water exchanges in the hyporheic zone. In the coming years, this will
offer the possibility to study the role of hyporheic zone processes and fluxes on river chemistry,
monitored at high frequency with river labs developed in the CRITEX project.

Figure 16: Left: impact of pumping on the Guidel site (the color scale represents the water level drawdown by
pumping. Right: mixing of turbid surface water and deep iron-rich groundwater in Guidel (April 2018).

The link between hydrogeological flow path organization and geochemical signal in rivers is also
studied jointly by the Rennes H+ team and the IPGP team on the Guadeloupe catchment site (PhD
project of Charlotte Le Traon funded by ERC project ReactiveFronts). The objective is to explain the
sharp change of geochemical properties of river water observed using Strontium isotopes at a knick
point (sharp change of slope) by investigating the link between flow path distribution and
geochemical erosion processes.
Active collaborations are also developed between the Rennes H+ team and the Ecobio laboratory
to study river groundwater interaction processes in the hyporheic zone on the ZA Pleine Fougères.
While this site is not in the OZCAR network, it forms part of the RZA network, which is the French
network for long term ecological research RZA. RZA will join OZCAR in the eLTER network. This
collaboration involves transferring the characterization and modelling methods developed on the
H+ sites involving the use of dissolved gases and groundwater dating to constrain hydrogeological
and reactive transport models (Kolbe et al. 201667, Marcais et al. 201868).
IV.2.c Interactions between climate change and subsurface processes
The investigation and long term monitoring of interactions between climate change and subsurface
processes is an emerging scientific topic for the H+ teams, which be further developed through
interactions with the OZCAR community. Key questions include i) how does the subsurface
mitigate/buffers climate impact on water resources (Taylor et al. 201369)? ii) How does water
redistribution by lateral subsurface flow impact land surface / climate processes (Maxwell and
Condon, 201670)? iii) How is this redistribution affected by subsurface heterogeneities? iv) What is
the contribution of subsurface reactive processes in the budgets of greenhouse gases, such as CO2
and N20 (Marzadri et al. 201771)? v) How to take into account subsurface processes in land surface
/ climate models?
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As outlined by Taylor et al. (2013), “the current lack of groundwater observations limits our
understanding of the dynamic relationship between groundwater and climate”. H+ teams have clear
opportunities to provide new insights on these questions through the long term monitoring of key
variables such as recharge and temperature on the H+ sites, the developed linked between data and
models, the understanding of the role of subsurface heterogeneities on flux and reactive processes,
and the new interactions developed by the OZCAR community. A key challenge to tackle this issue
is the large separation of scales of measurements and climate models. Some studies have addressed
this issue by exporting the hydrological concepts developed on H+ sites to the larger scale (Ferrant
et al. 201472). Collaborations with large scale land surface / climate modelers (Yoshi Wada) have
been started to integrate lateral subsurface flow in large-scale models. H+ teams are also currently
developing new methods combining continuous dissolved gas measurement and reactive transport
concepts to understand and quantify emissions of greenhouse gases in the hyporheic zone on the
RZA site Pleine Fougère.
IV.2.d Hydrogeophysics
The H+ teams are involved in different hydro-geophysical projects from the development of new
geophysical methodologies or instruments (Figure 17), the use of geophysical measurements from
field experiments at various scales and the integration of geophysical observations in numerical
simulation to monitor groundwater processes. Several new projects have been started involving
close collaborations between H+ partners.
The H+ teams methodological studies are focused on three main methods. 1) Seismic methods
(passive and active) can be used in time-lapse or with a high spatial resolution and are therefore
well suited for the characterization of heterogeneous medium (karst, fractured aquifers). The
seismic (active and passive) measurements of wave velocities are sensitive to both water content
and rocks properties (lithology, fractures, …). To deconvolute water content from ground structure,
active seismic use both P and S waves (Pasquet et al., 201773). One the other hand, passive seismic
based on noise correlation is mainly sensitive to variations of waves velocities due to variations of
groundwater content. But in both cases, the quantitative relation must be clearly established. First
field experiments have been tested in the Larzac (Fores et al., 2018) and in Ploemeur sites
(discontinuous aquifers) as well as in the Orgeval site in a continuous and shallow aquifer (in the
framework of both CRITEX and PIREN-Seine programs). 2) Electrical Resistivity Tomography (ERT) is
one of the most used geophysical method. However, inversion methods tend to smooth
considerably the subsurface heterogeneities. One objective of H+ teams is the development of new
inversions principles based on fracture networks with an explicit representation of the fractures in
order to consider high resistivity contrast with less parameters. 3) For some geophysical methods
such as gravity, MRS or muons tomography, the relation between signal changes and water content
is well established with successful studies in different H+ sites. But the current absolute gravimeter
or muons sensors are still difficult to deploy in the field. The H+ teams in collaboration with
industrial partners are working on the development of new portable sensors. A collaboration with
the IR RESIF, the ITN and the Muquans company aims for example at validating a new quantum
absolute gravity sensor well suited for reservoir monitoring (Menoret et al., 201874).
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Figure 17: (A) 3D pseudo seismic velocity distribution at
the Poitiers experimental site; (B) extraction of the low
seismic velocity zones correlated with karstic conduits.

An area of active collaboration between H+ teams is the development of joint inversion methods
based on geophysical methods of different support scales. The METIS and Larzac teams have
submitted a proposal to the national research infrastructure OZCAR to test both Self Potential (SP)
and Passive Seismic (PS) on different sites for a continuous monitoring of processes such as recharge
or water transfer (in thick vadose zone or between aquifer and river). The objective is to relate
passive seismic noise to water and mass transfer during high floods. For this a key challenge is to
relate the waves velocities changes from seismic noise correlation to water saturation in a case of
heterogeneous medium. For Self Potential, a key issue is to determine the petrophysical
relationships in different lithology to infer water content in heterogeneous. Different field
experiments are planned in the H+ and OZCAR sites to investigate SP signals in different contexts
(Larzac, Poitiers or LSBB for karst; Ploemeur for fractured aquifers, Auverwatch for river-aquifer
exchanges) under controlled hydrological conditions. Finally, a project involving several H+ teams is
currently being developed for combining muon sensors, continuous climatic, hydrodynamic and
hydrochemical monitoring, and periodic geophysical measurements (MRS, ERT, seismic and
gravimeter measurements) on the LSBB site with a high frequency data collection during and after
typical Mediterranean rainy events to investigate recharge processes in karst systems.
Common inversion strategies are developed for geophysical data fusion and assimilation in
numerical simulations. The integration of geodesic datasets on the LSBB site, including continuous
recording of surface and in depth (in the tunnel) geodesic observations (GPS, gravity, tilt) is a
promising avenue for constraining the distribution of transfer times in the thick vadose zone (500
m). Furthermore, the integration of new sensors (quantum absolute gravimeters, muons sensors)
combined with MRS should allow progress in the spatial monitoring of water storage variations,
which could feed basin scale distributed numerical simulations. This approach will be tested on the
Larzac and LSBB sites.
IV.3 Measurement and databases
IV.3.a Prospective on measurement strategy
While maintaining the experimental approach and the link with models, which is one of the
originalities of H+, the measurement strategy of H+ is expected to evolve on several aspects in the
coming years.
Firstly, new parameters will be measured. This concerns in particular the distribution and
biodiversity of microbial communities, which play a key role in reactive processes. The fast of
evolution of “omics” methods now renders possible an exploration of life in the deep surface.
Secondly, in the context of the integration of H+ sites into OZCAR, the study of interactions and
processes at interfaces with surface ecosystems will require a specific instrumentation, such as the
one currently developed on the Guidel site. This enhancement of interdisciplinary studies will lead
to the joint measurement of hydrological, ecological and geophysical parameters, at a much more
integrated level as what is currently achieved. This will allow linking observations on deep
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subsurface processes to larger scale scientific questions, such as the impact of global changes on
geochemical fluxes and cycles in the critical zone.
Thirdly, the development of spatially distributed sensors, such as fiber optics for measuring
temperature and deformation, may start posing big data challenges for which new approach, such
as machine learning techniques could be appropriate.
Finally, one of the tasks that will be developed in the coming years is the transfer of how-know
regarding processes and technologies, to other sites. This has already started with the organization
of measurement campaigns on the catchment sites of OZCAR (e.g. fiber optics DTS and mobile
laboratory on Orgeval and Agrhys) and of ENIGMA (tracer tests with GPR imaging on SKB site,
oscillating hydraulic tests on Argentona site) sites. Such technology transfer actions are expected to
amplify in the coming years as international collaborations of H+ teams are expanding.
IV.3.b Evolution of the H+ database
In the coming years, the H+ database will evolve on different fronts.
Firstly, we will continue the on-going interactions between data managers, data producers and data
users to integrate the new types of data that emerge as new sensing and analytical technologies are
being developed. New data formats recently developed for the H+ database include in particular
fiber optic DTS in boreholes. On-going developments concern in particular hydrogeophysical data
and genomics data. A new format is currently being tested for hydrogeophysical data: since
geophysical data are very diverse in formats and sensor configurations, the idea is to archive
geophysical data as data packages linked to a borehole, a profile or a 2D/3D map. The data are thus
saved in their native formats, such as SEGY for seismic data, with an image showing interpreted
data. Raw and interpreted data are archived. They are described in a pdf file linked to the data. This
method is already operational in the database for optical borehole logs. It will be tested for borehole
GPR logs (Ploemeur), ERT, GPR, and seismic profiles (Ploemeur, LSBB, Larzac), and 3D seismic maps
(Poitiers). In a second step, a sensing network structure will be created in the database, so that
geophysical data can be associated to an ensemble of measurement points.
Secondly, an important objective for the coming years is to enhance the accessibility and use of H+
data. The creation of DOIs associated to H+ datasets that can be associated with publications using
H+ data will contribute to this objective. This task is on-going and the first DOIs should be created
in the coming months. These DOIs will be linked to pre-defined database requests and listed on the
web page of each site.
Finally, the H+ database will continue to be open to host data from associated sites. Within the
ENIGMA project, the site of Hermalle has integrated the H+ database and the site of Argentona is
under discussion. A similar approach could be followed for several other international sites, which
have shown interest to be associated to H+ in order to share the efforts to archive and disseminate
hydrogeological data. As part of the ENIGMA project, some links will be established between the
H+, TERENO and HOBE databases. It may be also interesting to link the H+ database to global
databases on hydraulic conductivity or water level depth, which have been recently established.
IV.3.c Integration into OZCAR and eLTER
Discussions regarding the interoperability of the H+ database with the other OZCAR databases are
on-going. The objective is to converge towards a common data portal in the coming years. A key to
success for H+ will be to manage the specificity of its database, which contains more experimental
data compared to the other observatories of OZCAR which tend to be focused mostly on monitoring.
The integration of OZCAR into the eLTER European infrastructure has also led to exchanges regarding
the relevance of measuring different parameters. On-going discussions concern a series of common
parameters that should be measured on each of the eLTER sites. This type of monitoring strategy,
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which is reminiscent of what is done on other established European infrastructures such as ICOS, is
not necessarily compatible with the philosophy of H+ which is focused on experimentation and
model testing, as much as monitoring long term changes. Hence, a challenge of the integration in
eLTER will be to find a common measurement and data archiving approach, which is compatible
with the different experimental and monitoring strategies developed by the different communities.
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Annex 1: Scientific report and prospective project for the Ploemeur site
I. Description of the Observation System
Hplus website: http://hplus.ore.fr/en/ploemeur
eLTER website: https://data.lter-europe.net/deims/site/czo_eu_fr_034
Google Scholar : https://scholar.google.fr/citations?user=siPS_YIAAAAJ&hl=fr&authuser=1
Twitter : https://twitter.com/Obs_Ploemeur
I.1 Scientific questions addressed with the site.
The main scientific question can be gathered under the wide umbrella of “Flow, transport and
reactivity in highly heterogeneous media”. To be more specific, several sub-questions are addressed:
What is the geological and dynamical architecture of the Critical Zone? Weathering is a common
process creating porosity in crystalline rock, but the heritage of tectonic, generating connected
fractures along and far from major fault zones, should not be neglected. These fractures act as water
flow bypasses. They can connect or disconnect different zones (vertically, laterally) depending on
how groundwater head intercepts such structures and topography.
How does heterogeneity control flow, transfer and reactivity? The identification of relevant
permeable structures, connectivity and scale-dependent properties remain as a bottleneck. While
diffusive flow smooths out complexity at long time scales, water quality and energy transfers are
critically dependent on water pathways.
How do hydro-mechanical interactions control flow? Aquifer are still considered as undeformable
by hydrogeologists. Core experiments have clearly highlighted the dependence of hydrodynamical
parameters to pressure, but the scaling up to infer the sensitivity of natural systems at shallow
depths (say ~1 km deep) remain elusive.
I.2 Description of the infrastructure
The Ploemeur site is built on 3 different sub-sites in highly heterogeneous crystalline context (see
https://drive.google.com/open?id=0BzS3GqNkBmpPU2hmM0d2V2p5NDA for graphics):
(A) Ploemeur/Kermadoye, a high-yielding anthropized hydrosystem pumped since 1991 for
municipal supply at a sustainable rate (1 Mm3/yr). Pumping is the single outlet draining a region
of ~5 km² (recharge ~270 mm/yr). Flow is mainly focused in a highly fractured contact zone
between granite and micaschist. This contact is getting sub-horizontal at depth, draining a large
rock volume beyond the topographic catchment. This site focuses on long-term monitoring
starting at pump onset up to now. Around 20 deep boreholes are distributed at various
distances from the pumping wells, we count 5 secured sheds or galleries (+ electricity and
internet connection). Monitoring is carried out at second to daily time steps (GW head, pumping
rate and chemistry, soil water content, deformation, seismic data) and monthly to twice yearly
data (GW age and chemistry, temperature profiles). The site response time is ~1.5 year, while
residence time ranges from month to ~15 years. Current observation highlights a high sensitivity
to climate variability (head and chemistry), and a thermal regime which has not reached a
steady state yet.
(B) Stang Er Brune, the main experimental site with 4 deep boreholes ~5m away from each other
plus 3 shallow boreholes. A limited number of connected fractures, intercepted by wells, have
been investigated by various experiments (flow path imaging, conservative and reactive tracer
tests, thermal tracer tests, push-pull tests, geophysical and mechanical imaging). The team is
highly experienced in handling week-long complex experiments with heavy duty tools (packer,
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FO-DTS, winch, tiltmeters...). 3 to 4 transmissive and connected fractures (10-3 to 10-6 m²/s) are
generally targeted.
(C) Guidel, equivalent to Ploemeur/Kermadoye site in natural conditions (see perspectives).
All 3 sites provide critical information to answer scientific questions stated above.
I.3 Scientific PI and core team in charge of the observatory
O. Bour75, professor in hydrogeology at the University of Rennes, was PI during the 2008-2016
period, coordination is now ensured by L. Longuevergne76, research director at the CNRS. During
LL’s Phd (UPMC-Paris) and post-doc (Jackson School of Geosciences, Texas), LL developed geodetic
instruments (gravity, deformation) as tools for hydrology. New methodological developments in
Ploemeur consists in applying deformation (GPS, tiltmeter, seismic methods) to investigate
hydromechanical processes and track transient deep water transfers at short (experiments) to long
time scales.
The core team consists of 2 permanent engineers (N. Lavenant, T. Labasque: physical and chemical
site monitoring and methodological developments), 4 permanent staff (O. Bour, T. Le Borgne, L.
Aquilina, LL) with different background (fractured networks, geochemistry, tracing method, flow
and transport, geophysics) confronting their methodological approaches on the same site.
I.4 Position in international scientific context
The high connectivity and permeability of the fractured network is the main originality of the
Ploemeur-Guidel site. Therefore, response and residence time can be investigated with short-term
experiments at meter scale, and 20-year long monitoring at kilometric scales.
As a site in fractured context, we can bring original perspectives with respect to waste disposal sites
focusing on long time scales (Yucca Moutain, Aspö), tunnel sites focusing on short-term experiments
(Mont Terri, LSBB, Grimsel) and geothermal sites (Soultz-sous-forêt, Brady hot springs geothermal
site).
Furthermore, Ploemeur can bring significant constrains to understand the role of fractures in the
Critical Zone. Indeed, the double team anthropogenic-driven/natural site offers different boundary
conditions to explore the complexity of depth-surface exchanges (e.g. groundwater ages ranging
from 1 to 5000 years, heat transfer, sustainability of water management policies).
Finally, our observatory is an internationally recognized experimental plateform where researchers
can work on both media/flow understanding and instrumental development/validation.
I.5 synthesis
Scientific questions
Groundwater dating and mixing
model

Challenges
What is the groundwater “ages”
distribution

Opportunity offered by the site
Presence of young and very old
groundwater in this fractured
system, due to regional fracturing,
long term monitoring of the site

How does heterogeneity control
flow, transfer and reactivity?

Identification of relevant
permeable structures,
connectivity and scale-dependent
properties

Experimental site, High
connectivity fractured media

How heat can be used as a
groundwater tracer and what can

Link temperature measurements
with hydrological parameters

Long-term monitoring of
temperature profiles,
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we learn about thermal transport
in fractured rocks

Develop full temporal and spatial
temperature monitoring at high
resolution,

Experimental site for thermal
transport experiments

What is the role of fractures in the
Critical Zone ?

Transport and mixing properties in
the fractured CZ? Depth-surface
exchanges?

Presence of a lake and a humid
zone connected to the fractured
system

How do hydro-mechanical
interactions control flow?

Measuring very low signals,
linking measured deformations
with piezometer level variations

Experimental site, presence of old
underground galleries for
installing the instruments, long
term monitoring

II Report of activities 2008-2018
II.1 Scientific contributions (period 2008-2018)
Over the last 10 years, Ploemeur has developed as one of the major experimental and monitoring
site to study fluid flow, transport and reaction processes in fractured media. The site has 3 sub-sites,
each of them proposing complementary observations and experimentations strategy for a better
understanding of the role of fractured aquifers in the Critical Zone.
The Kermadoye site, which is the site used for water supply since 1991, is particularly relevant for
long-term hydrological and hydrochemical monitoring. Such data allows evaluating the distribution
of hydrological and chemical response times of this heterogeneous system to a major destabilization
due to the pumping launched in 1991 (Jimenez-Martinez et al., 2013; Roques et al., 2018). Hydraulic
and chemical data have been successfully combined to model the hydrological behavior of the site
and characterize the role of heterogeneity at the site scale (Leray et al., 212; 2014). At this scale,
observations on the Ploemeur site have contributed to the understanding of subsurface
heterogeneities and their role to control flow, connection with the surface and interactions with
deep flow lines. This site has been also actively characterized to analyze the evolution with scale of
permeability in crystalline rocks (Le Borgne et al., 2004; 2006; Jimenez-Martinez et al., 2013), which
remain a major issue in heterogeneous systems. Finally the use of the site for water supply through
variable pumping rates makes the site very interesting for developing time-lapse monitoring of the
unsaturated zone (Pasquet et al., 2015; Dangeard et al., accepted) or for testing hydromechanical
approaches to image the hydraulic and geometrical properties of the main active permeable fault
zones (Schuite et al., 2015; 2017). The site is certainly one of the reservoir in the world, which
benefits from the best ground-surface deformation monitoring using tiltmeters.
The Stang er Brunn site (4 deep and open boreholes) is an experimental plateform to develop
methods and understanding of flow and transport processes at small scale. The site has been
developed in 2003 thanks to a collaboration with Montpellier University and funding from a
European project (Le Borgne et al., 2007). The site is sufficiently far (3 km away) from the pumping
station and it is not affected by pumping. In addition, open boreholes in granitic formations allow
tracer test experiments using straddle packers. Thus, since that time, the site has hosted on a regular
basis hydrological and geophysical experiments. A first objective has been to develop time-lapse
imaging of salt tracer test experiments in collaboration with UNIL (Dorn et al., 2011a and b, 2012,
2014; Shakas et al., 2016, 2017, submitted) to image the fracture flow paths that contribute to
transport. The interest of the collaboration was to go beyond the geophysical imagery, and to
investigate how geophysical imaging may provide also critical information for modeling or for
controlling the extension of push-pull experiments through time. In the meantime, tracer tests
achieved for different boundary conditions allowed testing different modeling approach for
characterizing solute transport in fractured media (Kang et al., 2015). A similar approach was
achieved using heat as a tracer. The main difference with heat is its capacity to diffuse within the
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rock matrix compared to solute tracers. Using this property, we were able to demonstrate the role
of fracture channeling on heat transport (Klepikova et al., 2016; De la Bernardie et al., submitted).
In parallel, the site has hosted many experiments to validate new instruments and methodologies,
such as the use of heat as a groundwater tracer (Klepikova et al., 2011; 2014); measurements of
borehole flows thanks to active DTS methods (Read et al., 2014; 2015) or the estimation of fracture
flow velocities in straddle packer (Jamin et al., 2015). These last years, the site is used for
hydromechanical experiments.
The Guidel site (located at Saint-Mathieu, 4 km from the Ploemeur abstraction wells) is a new site
part of the Ploemeur observatory, which is hydrologically and geologically very similar to the
Ploemeur site, and which has been developed also for water supply. The site, which includes about
30 boreholes and piezometers, is still in natural conditions. The pumping should start in 2019 or
2020 and its ecohydrological monitoring will be a great opportunity to investigate the hydrological
and ecological impact of surface-groundwater interactions (see perspectives).
Five representative publications
Articles (authors, year, title,
journal)
Leray S., de Dreuzy J.-R. Bour O.,
Labasque T. and Aquilina L.,
Contribution of age data to the
characterization of complex
aquifers, Journal of Hydrology, vol.
464–465, pp 54-68, 2012

Brief description (main scientific
breakthrough)
How does water age data
contribute to the understanding
flow structure and residence time
distribution?

Dataset used

Aquilina, L., Vergnaud-Ayraud, V.,
Les Landes, A. A., Pauwels, H.,
Davy, P., Pételet-Giraud, E., ... &
Maamar, S. B. (2015). Impact of
climate changes during the last 5
million years on groundwater in
basement aquifers. Scientific
reports, 5, 14132.

What are the mechanisms
responsible for both marine and
glacial fluid migrations and their
preservation within a basement?
Show that glacial water is supplied
in significant amounts to deep
aquifers even in permafrosted
zones

Chemical, geological and
environmental tracers

Dorn, C., N. Linde, T. L. Borgne, O.
Bour, and J.-R. de Dreuzy (2013),
Conditioning of stochastic 3-D
fracture networks to hydrological
and geophysical data, Advances in
Water Resources, 62, 79-89, doi:
10.1016/j.advwatres.2013.10.005.

How to feed a discrete fractured
network model with indirect
geophysical data? Define the
effective fracture network
structure and connectivity
participating to flow and
transport.

Experimental study, GPR data

Schuite, J., Longuevergne, L., Bour,
O., Boudin, F., Durand, S., &
Lavenant, N. (2015). Inferring
field-scale properties of a
fractured aquifer from ground
surface deformation during a well
test. Geophysical Research
Letters, 42(24), 10-696.

How to use the deformable nature
of aquifer systems to infer main
permeable structures? Possible
with surface deformation
observations during short-term
tests

GW head, tilt data, surface
deformation data.

Klepikova, M. V., Le Borgne, T.,
Bour, O., Dentz, M., Hochreutener,
R., & Lavenant, N. (2016). Heat as
a tracer for understanding
transport processes in fractured

How does fracture geometry and
flow channeling control heat
recovery in geothermal tests?
Heat tests complement tracer
tests

Experimental study, temperature
data

Chemical, geological and
environmental tracers

39

media: Theory and field
assessment from multiscale
thermal push-pull tracer tests.
Water Resources Research, 52(7),
5442-5457.

II.2 PhD students (period 2008-2018)
Name of PhD student
Sébastien Ruelleu (Univ. Rennes)

Topic
Hydrogeophysical characterization
of fractured networks : measuring
and modeling fluid velocity in
boreholes. (Ruelleu et al., 2010)

Current position of PhD student
Engineer at Gexpertise

Sarah Leray (Univ. Rennes)

Characterization of crystalline rock
aquifers and associated water
resources: insights from water age
data. (Leray et al., 2012, 2013,
2014)

Assistant professor at Pontificia
Universidad Católica de Chile

Alexandre Boisson (Univ. Rennes)

Multiscale
evaluation
of
denitrification
processes
in
heterogeneous
aquifers:
an
experimental approach on the
influence of flow on biochemical
reactivity. (Boisson et al., 2013)

Engineer at BRGM
geological survey)

Maria Klepikova (Univ. Rennes)

Imaging of fractured
rock
properties from flow and heat
transport : field experiments and
inverse modelling (Klepikova et al.,
2011, 2013, 2014, 2016)

Postdoc at ETHZ

Caroline Dorn (Univ. Lausanne)

Fracture Network Characterization
using
Hydrological
and
Geophysical Data (Dorn et al.,
2011, 2012, 2013)

Postdoc at Univ. Zürich

Tom Read (East Anglia)

Monitoring of heat tracer tests and
flux measurements with DTS fiber
optics (Read et al., 2013, 2014,
2015; Bense et al., 2016)

Hydrogeologist at Norfolk County
Council

Clément Roques (Univ. Rennes)

Water resources in crystalline
context (Roques et al., 2014a and
b, 2016, 2018)

Postdoc ETHZ

Sylvain Pasquet (UPMC)

Development of surface wave
seismic methods (Pasquet et al.,
2015)

Research Engineer at IPGP

Peter Kang (MIT)

Characterization of anomalous
transport in fractures (Kang et al.,
2015)

Researcher at Univ. Minnesota

Pierre Jamin (Univ. Liege)

Measurement of in situ fracture
flow velocities (Jamin et al., 2015)

Jonathan Schuite (Univ. Rennes)

On the value of surface
deformation and tilt for the

(French

Postdoc at Paris School of Mines
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multiscale characterization of
fractured geological reservoirs.
(Schuite et al., 2015, 2017 a and b)
Olivier Bochet (Univ. Rennes)

Defining biogeochemical reactivity
hotspots in groundwater (Bochet
et al., submitted Nature)

Eliot Chatton (Univ. Rennes)

Contribution of dissolved gases to
the understanding of groundwater
hydrobiogeochemical
dynamics
(Chatton et al., 2017)

Research engineer at CNRS

Alexis Shakas (Univ. Lausanne)

Characterizing Fracture Aperture
and Transport Dynamics with
Hydrogeophysics: Theoretical and
Expérimental Advances (Shakas et
al., 2016, 2017, submitted)

Researcher at Univ. Lausanne

Jérôme de la Bernardie

Modeling
and
experimental
characterization of heat transport
in fractured aquifers (de La
Bernardie et al., submitted)

Research engineer at CNRS

Marine Dangeard (UPMC)

Time lapse surface wave seismic
method to track flow processes
(Dangeard et al., accepted)

PhD

Luca Guillaumot (Univ. Rennes)

Climatic
and
anthropogenic
destabilization of aquifer systems

PhD

Behzad Pouladi Borj (Univ. Rennes)

Development
of
Active
temperature methods to monitor
subsurface flow dynamics

PhD

Lara Blazevic (Univ. Rennes)

Exploring
subsurface
redistribution
from
methods.

water
seismic

PhD

Stacey E. Law (Virginia Tech)

Recharge estimation in fractured
media

PhD

41

II.3 Main datasets available on the site
See http://hplus.ore.fr/en/ploemeur/data-ploemeur and google Earth interface
http://hplus.ore.fr/documents/ploemeur.kmz
Type of data

Scientific interest and uniqueness

borehole optical
and geophysical
diagraphy
Hydraulic /
flowmeter tests,
tracer tests

Description of the fractured network

Hydraulic characterization of
permeable structures

Yes

Geophysical data

Characterization of weathered and
fractured systems (wide range of
methods, up to 60m investigation
depth). Ongoing synthesis on GoCAD.
Local aquifer recharge

Under test

Transport, reactivity and water rock
interactions

Yes

Transit time distribution, recharge
estimate
Pressure and flow in subsurface
permeable structures

Yes

Water velocity imaging, impact of the
geological structure on flow, heat
transport

Yes

Microbiological control on reactivity,
deep microbial ecosystems, fracture
connectivity

On-going
format
definition

Vadose zone water
content, succion
and temperature
Water chemistry

Water age : CFC and
SF6 concentration
Surface
deformation:
tiltmeter
Optic fiber derived
temperature

Microbiological data

Data on H+
database ?
Yes

Link to dataset77
Optical et diagraphic logs

Borehole flow logs
Tracer tests : example:
tracer test campaign june
2016

No

Ion concentrations in
boreholes
Physicochemical parameters
Dissolved gas
concentrations
Tiltmeter data: example:
2013 data

Yes

Thermal tracer tests,
september 2015 : FO-DTS
data, calibration and
interpretation

II.4 Use of data by external teams
Describe the use of data by external teams in the following table
Team

Period

Scientific objectives

Dataset

METIS – UPMC,
France

2007 –
now

Geophysical imaging and S wave
tomography

Access to experimental site, GW
head, unsaturated zone water
content and temperature

Virginia Tech (USA)

2010 –
now

Hydromechanical modeling

GW head, climate data, pumping
data, tiltmeter data

Bochum University
(Germany)

2010 –
2012

Flow velocity measurements

Access to experimental site, flow
velocity measurments

77

Click on URL links to access data and use login and password provided to the scientific committee. For downloading pdf
files from the excel data sheets, please add the path http://hplus.ore.fr/documents/ in front of the URL address. For
instance change “ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf” to
“http://hplus.ore.fr/documents/ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf”
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Univ. Lausanne
(Switzerland)

2010 –
2017

Radar imaging of tracer motion in
fractures

Access to experimental site,
fractured network data, GW head,
GPR data, tracer test data

East-Anglia University
(UK)

2011 –
2016

Monitoring of heat tracer tests
and flux measurements with DTS
fiber optics

Access to experimental site, GW
head, FO-DTS data

Oregon State
University (USA)

2013 –
2017

Instrumental development for the
spatially distributed of flow in
boreholes with fiber optics

FO-DTS data

MIT (USA)

2011 –
2014

Characterization of anomalous
transport in fractures (PhD thesis
P. Kang, MIT)

Access to experimental site, GW
head, tracer test data

CSIC Barcelona
(Espagne)

2011 –
2016

Characterization of anomalous
transport in fractures

Tracer test data

Université de Liège
(Belgique)

2013 –
2014

Measurement of in situ fracture
flow velocities

Access to experimental site, GW
head

Université de Nantes

2009 –
present

French seismic infrastructure

GW head, unsaturated zone water
content and temperature

University of
California

2013 –
2016

Use of groundwater age data in
models

Groundwater age, gaz
concentration (CFC, SF6)

California State
University (USA)

2014 –
2017

Characterization of fractured
media from sinusoidal pumping
tests

Access to experimental site, GW
head, flowrate

CNAM – Ecole des
géomètres et
topographes

2016 –
present

Development of deformation
tools

Access to monitoring site, GW
head

LSCE Saclay

2017 present

Groundwater dating using Helium
4

Access to monitoring site, GW
head, water age (helium
concentration) and chemistry

State Key Laboratory
of Water Resources

2016 –
present

Development of non-Darcian flow
model

Experimental data

II.5 Development of innovative experimental or measurement methods.
Stang er Brunn experimental plateform is a privileged site to perform experiments and validate
instrumental and methodological developments and their suitability for field work. The high
fracture heterogeneity is an opportunity to explore the response of the instruments to lateral
variability (sensitivity, uncertainty, response time).
Therefore, important instrumental developments for high frequency measurements have been
carried out. For instance, fiber optic - distributed temperature sensing (FO-DTS, Read et al., 2013;
2014, de La Bernardie et al., submitted) has been used almost for the first time for characterizing
flow and thermal transport in heterogeneous subsurface reservoirs. Similarly, the development of
on-site dissolved gases monitoring permits to propose new methods for characterizing transport
and hydraulic properties in fractured media (Chatton et al., 2017). Important results have been
obtained in hydrogeophysics with the development of geological radar (GPR) to image active flow
paths in fractured media, from processing (Dorn et al., 2011) to the inference of transport
characteristics (Dorn et al., 2011; 2012; Shakas et al., 2016; 2017). The suitability of more classical
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methods have been explored in fractured context, such as sinusoidal pumping tests (Schuite et al.,
2017) and groundwater flow tracing methods (Jamin et al., 2015) which are sensitive to the
hydraulic heterogeneity of the media. Surface wave imaging methods (Pasquet et al., 2015) and
mechanical tools are currently explored, with the development of tiltmeter and surface deformation
to infer subsurface active structures from surface observations (Schuite et al., 2015, 2017). More
details about these instrumental developments are given above in section III.1.e.
The direct groundwater inflow in the lake downstream GUIDEL is also a striking feature to expand
the applicability of these tools to ecosystem research and surface-depth exchanges. Dissolved gases
and DTS have already shown to provide critical information.
II.6 Collaborations with H+ teams
The interaction between the core team of Ploemeur and the H+ teams are numerous and in both
directions. Ploemeur team has been involved in several measurement campaigns for geochemical
sampling and groundwater dating on several sites. We are also collaborating with the Poitiers team
since a long time for modelling hydraulic head responses in dipole flow experiments (Bodin et al.,
2012) or do some common field measurements to characterize the hydraulic properties of a
fractured/karstified limestone aquifer (Chatelier et al, 2011). Currently, our aim is to widen the value
of DTS development in fractured/karstic context. An experiment was carried out on the Poitiers site
in 2015 and 2016, which confirmed the ability to measure a wide range of flow velocity variations
and water mixing between different compartments. Furthermore, the Poitiers team has a 2-m long
tank which will be used to link experimentally active DTS temperature variations to water flow
velocities.
The development of geodetic methods for application to karstic systems are also ongoing with the
Montpellier and Avignon teams, with one work published on strong link between tilt variations and
water discharge (Lesparre et al., 2017), and ongoing work on gravimetry. O. Bour is also highly
involved on the India site, with two visits in 2010 and 2012. Two PhD students working in
collaboration between Geosciences Rennes and BRGM (Nicolas Guihéneuf, 2011-2014, and
Madeleine Nicolas, 2015-now) have worked at the Hyderabad site and have spent at least 2 years
during their PhD in India. The objective of their works was to characterize flow and transport
properties of weathered crystalline rocks (Guihéneuf et al., 2014; 2017), and natural and managed
artificial recharge processes of a crystalline hard rock aquifer, Nicolas et al., submitted).
The METIS team is also highly involved in geophysical surveys on the Ploemeur for characterization
purpose, but also to develop surface wave seismic methods to image flow processes (Pasquet et al.,
2015, Dangeard et al., accepted).
II.7 Link with models
Modeling is a pillar of H+, it is seen as a synthesis of the current knowledge, although
data/experience is based on a specific site.
The experimental approach on a “simple” and well-known sub-domain of a fractured network
provides the opportunity to explore the ability of models to describe the structure and associated
basic processes (flow, transport, reactivity). For example, GPR data has been used to constrain a
discrete fracture network model (Dorn et al., 2013), and define how indirect geophysical data can
support geological information limited to outcrop and boreholes. The ability of analytical and
numerical models to simulate heat and solute transport in fractured media and reproduce the
available datasets, has been explored, focusing on the role of channeling and fracture connectivity
(Kang et al., 2015; Klepikova et al., 2016, de la Bernardie et al., submitted). Part of these
developments were also associated to theoretical developments about advection and diffusion
processes in heterogeneous media.
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At larger scale, 2 different modeling approaches have been tested to explore water pathways in a
fractured rock aquifer. One approach consists in representing explicitly main permeable structures
and their role in defining water quality and quantity (Leray et al., 2012, 2014). Another one
considers the fractured aquifer as an equivalent porous media (Guillaumot et al., in prep), where
recharge processes and their link with climate is investigated. Both approaches use (and explain)
the same data (GW head, water age). These approaches are not incompatible, but raises questions
on the impact of modeling choices, which are difficult to evaluate, and consequently, on the model
predictive skills.
Another modeling approach consists in understanding a dataset and deciphering the different
contributions mixed in observations. For example, we isolated 2 different flow regimes and their
transition (1D fracture flow then 2D matrix/fracture exchanges) based on the simple use of tilt
deformation and groundwater head data. This approach was validated by a state of the art
poroelastic model (Schuite et al., 2017). At larger scale, the flow structure and associated
characteristic time were assessed by a simple frequency domain analysis on all GW data to
understand space/time scaling in an aquifer response (Jiménez-Martínez et al., 2013).
II.8 Scientific animation
Large-scale experimental campaigns are generally carried out one to twice a year, most of the time
with international researchers and to feed the work of PhD students. We also organized a
groundwater dating intercomparison, gathering 31 international labs on the Ploemeur site
(Labasque et al., 2014). Furthermore, field training course for master students of Rennes Univ. are
organized twice a year on the Ploemeur site. In 2017, we also organized a workshop on fractured
rock hydrogeology for all PhD students of the ITN Enigma project.
The development of the Guidel site (see perspectives) is also an opportunity to develop new
collaborations with ecology in particular, and Critical Zone in general. Several field visits have been
carried out.Regular meetings with the local water syndicate are also planned once yearly or twice a
year to exchange on our activities on the site to support water management plans
II.9 Average annual budget
Base funding for Ploemeur site maintenance (mainly dedicated to the monitoring system) is
provided by INSU SO and SOERE, but account for a minor part. In the last ten years, Ploemeur has
been and is involved in several national (ANR EQUIPEX CRITEX, ANR MOHINI, ANR STOCK en SOCLE)
and European projects (INTERREG CLIMAWAT, ITN IMVUL, ITN ENIGMA), providing funds for
equipment, travel costs and consumable for experiments and investment. PhD students represent
the largest share of the annual budget, and is provided half from projects, and the other half from
universities.
Average annual Budget (2008-

resurces

Expenses

2018)

Total (k€)

travel costs

20

Consummables

10

temporary staff

200

Equipment

20

TOTAL

450 k€

INSU SO

8

Universities, OSU, BRGM

140

Programs (UE, ANR, INSU, ADEME,
région)

100

SOERE

2
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III Project for 2018-2023
III.1 Scientific project
During the next 5 years, the question of the role of fractures in the critical zone will become more
active. The main scientific questiosn will be “how does groundwater flow shape ecosystems?” and
“what is the impact of anthropogenic and climatic pressures on ecosystems”. The main idea is to
test the concept of ecosystem from Sir Arthur Tansley (1878 - 1955), which is the indivisible part
linking life with its environment. Water plays a critical role as a fundamental component of life and
a key component carrying both nutrients and energy. The convergence/mixing of different waters
have a key role in the emergence of "hotpots" of biological activity. The knowledge gathered, and
methods developed on the Ploemeur site will be much useful considering that the main challenge
remains: describing water transfers, mixing and reactivity in heterogeneous media.
A large part of the activity will be transferred from Ploemeur to the close Guidel site (similar
geological context and climatic forcing), which is currently in natural state. Deep groundwater is
naturally upflowing, feeding a groundwater-dependent ecosystem with large amounts of warm and
iron-rich water. Furthermore, a large-scale destabilization of the hydrological system is also planned
on late 2019: a new municipal pumping station will be started, which will first capture deep water,
boost reactivity and completely modify water flow between the different hydrological
compartments. This can be considered as a large-scale and long-term experiment, considering that
large transient signals are expected at time scales ranging from the day/month for flow to
year/decade for water quality and heat transfer.
III.2 Parameters and data
The main challenge is to set up an experimental system suited for ecological questions, and a
monitoring system capturing both current and projected impacts of pumping. We set our analysis
on a 2-month pumping test carried out in 2009 and our knowledge of the geological context. GW
head and chemistry data had been monitored since 2009 and extended geophysical surveys had
been carried out. The new experimental/monitoring system on the Guidel site (Figure 1) is close to
be operational and is built around 3 different scales:
(1) the well scale, an artesian well is equipped to capture water flow from main contributing
fractures and their mixing in the borehole. Multiparameter profiles are repeated monthly. A wide
community of iron-oxidizing bacteria is monitored.
(2) ~10 m scale – within a zone that will be highly impacted by pumping: deep groundwater flow
and connection with surface/river is investigated with a network of 6 shallow (1.5 m) wells. A
continuous induced-polarization-based vertical probe has been set in the center of 2 close wells
intercepting an organic-rich layer. This will become the main experimental system to upscale
laboratory experiments (denitrification, …). The definition of microbial communities and their
metabolism is also planned. Repeated geophysical imaging will complement and spatialize classical
ecological observations (respiration, gas production, …).
(3) at ecosystem scale (1 km3 or 3 km² x 300 m): a) a catchment (3 km²) is delineated by a gauging
station, which contains the humid zone with natural deep GW upflow where pump will be set up. A
flux tower measuring actual evapotranspiration and CO2 fluxes has been installed. If funding is
available, geodetic (tilt, leveling) and seismic monitoring will be included to capture the deformation
linked to pressure change in the deep permeable fractures. The inclusion of the Natura2000 pond
downstream the observatory is a real originality. A direct GW inflow to the lake has been detected
with dissolved gases and will be monitored.
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Figure 1: Google Earth view of the
Guidel site setup within the 3 km²
catchment and the Natura2000 pond of
Lannenec towards the south (not
shown). Wells are blue circles, flux
tower and gauging stations are red and
blue triangles. In the center, the main
humid zone is circled in green, where
deep groundwater is naturally
upflowing. Zoom on the right on the
~10m shallow GW experimental and
monitoring systems.

III.3 Expected impact of results
Although the site can be seen as specific in an operational context, this experience offers a rare
opportunity to answer fundamental scientific questions. The resilience and trajectory of
environmental systems under anthropogenic and climatic pressures remain as a daunting scientific
challenge and a major societal concern. We have the ambition to transform the Ploemeur-Guidel
observatory as a “Critical Zone Laboratory” in which the non-linear behavior and critical role of
groundwater could be clearly highlighted and evaluated.
The data will allow a better understanding of biotic/abiotic interactions. This includes (1) quantifying
the response times of the ecosystem for a number of key functions; (2) the definition of major
processes at the relevant scales: the scale change from biotope to ecosystem by coupling
geophysical, geochemical and ecological methods; (3) the resilience of ecosystems to increase water
stress (4) determining the role of the microbial communities and their metabolism, identify the
nature of the functions impacted by pumping and the feedback on physical and chemical processes.
The monitoring data recorded during the initial state before pumping is already rich and already
provide insights. The link between GW flow and ecosystem functioning is already clearly visible on
available data: low flows are as high as those from catchments 5 times larger, daily variations in GW
level and river discharge are linked to actual evapotranspiration, the chemistry of the pond
downstream the observatory is largely impacted by a direct GW inflow.
Further, the observation system makes Ploemeur site much more comparable to a classical “critical
zone observatory”. This is important, as H+ network is now part of the French Critical Zone network,
and will need to compete with European sites part of the eLTER infrastructure.
III.4 Interdisciplinary and international collaborations
The municipal pumping is a unique and original opportunity to explore scientific questions, but also
to foster multidisciplinary studies. The large amplitude of expected signals is important to ensure
the development of methodological approaches AND benefiting from the contributions of other
disciplines for the global understanding of the ecosystem. The project is therefore a privileged
meeting place for "everything is more than the sum of parts".
The main interdisciplinary initiative was to get ecologist from the same research federation (OSUR,
https://osur.univ-rennes1.fr/) involved in the experiment. The core team is defined and operational.
As we were focusing on the setup of the new experimental site, we have not dig deep enough to
ensure international collaborations. Further, this would first require a few scientific presentations
and papers.
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We would expect perspectives on remote sensing. Indeed, the temporal and spatial scales of the
new Copernicus mission is now adequate to test the value of new space technologies dedicated to
the monitoring of natural systems.
III.5 Collaborations with H+/OZCAR teams
The pumping experiment and its large impact on a 1 km3 “mesocosm” is a new opportunity to
encourage different teams to work on the Ploemeur-Guidel site. On the H+ side, we expect to
continue the development of time lapse/continuous geophysical methods to image flow processes
such as active and passive seismic methods (Montpellier and Paris teams) and MRS (Avignon team).
At the OZCAR scale, collaboration with closed sites will be accelerated (ORE AgrHyS – INRA, Zone
atelier Armorique) to set a regional-scale observatory system in fractured context. We wish to begin
collaborations around riparian dynamics and groundwater and how vegetation controls
groundwater-surface interactions. On the national/international side, we wish to go on developing
mechanical methods for water storage/pressure monitoring with various tools (GPS, InSAR,
strainmeters).
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Annex 2: Scientific report and prospective project for the Poitiers site
I. Description of the Observation System
I.1 Scientific questions addressed with the site






Assessment of field methods for the characterization of heterogenity in carbonate aquifers
(borehole logging, subsurface geophysics, pumping tests, slug tests, tracer tests, water sampling)
Hydraulic conductivity heterogeneity (karst levels, karst conduits), hydrochemical heterogeneity
Possible geogenic origin of selenium groundwater contamination
Assessment of field-data relevance for the parameterization / inversion of numerical models
Modelling of high-velocity pressure and mass transfers

I.2 Description of the infrastructure
General characteristics:
100 m (-30 m to -130 m from ground level) thick confined limestone aquifer
mean piezometric level = -20 m
32 fully penetrating wells (8’’ diameter, 130 m depth) + 2 vertical cored boreholes (4’’ diameter) +
2 inclined cored boreholes
 maximum sustainable pumping rates = 5 ~ 70 m3/h
 located on lands belonging to the University of Poitiers => experimental-operational freedom,
secured scientific equipments









Specific features:
multi-permeability system (karst conduits / fractures / limestone matrix)
very rapid transfer (up to 20 m s-1) of pressure-head perturbations in-between wells connected to
the karst/fracture network
spatial hydrochemical heterogeneity (pH, major ions)
natural groundwater contamination by selenium

I.3 Scientific PI and core team in charge of the observatory
PI



Gilles Porel, 58 years old
Assistant Professor in Hydrogeology at the University of Poitiers, France, since 1990
Core team






Gilles Porel, 40% FTE
Jacques Bodin, Assistant Professor in Hydrogeology at the University of Poitiers, 40% FTE
Benoît Nauleau, CNRS Research Engineer, 90% FTE
Denis Paquet, CNRS Assistant Engineer, 25% FTE

I.4 Position in international scientific context





Most existing hydrogeological experimental sites in the world were developed either in porous
sedimentary rocks, e.g. Cape Code (USA), Borden (Canada), MADE (USA), Jülich (Germany) or in
crystalline rocks (nuclear waste storage studies), e.g. Äspö (Sweden), Grimsel (Switzerland), Mirror
Lake (USA). Field research facilities in carbonate rock environments are very few, e.g. Terrieu site
of Montpellier, France.
Very rapid transfer (up to 20 m s-1) of pressure-head perturbations in-between wells connected to
the karst/fracture network
High number of wells, regulary arranged, in a small area (200m x 200m)
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I.5 synthesis
Scientific questions
Characterization of
heterogenity in carbonate
aquifers

Challenges
Information limited to
well data

Opportunity offered by the site
High number of wells,
regularly arranged, in a
small area

Origin and
hydrogeochemical
dynamics of geogenic
groundwater pollution

Assessment of selenium
speciation in clay deposits
and rock-water
hydrogeochemical
reactions

Natural groundwater
contamination by
selenium

Assessment of field-data
relevance for the
parameterization /
inversion of numerical
models

Model calibration data
are often limited in realcase problems

High spatial density and
diversity of
experimental data
(pumping tests, tracer
tests, geophysics, …)

Assessment of
groundwater recharge
flux modifications due to
climate change

Characterization of water
transfer in the vadose
zone

Temporal monitoring
and spatial
measurements of
meteorological data and
soil water content (TDR
probes)

Located on lands
belonging to the
University of Poitiers =>
experimentaloperational freedom,
secured scientific
equipments

II Report of activities 2008-2018
II.1 Scientific contributions (period 2008-2018)
The HES has contributed to gain new insights both on the characterization and the modelling of
groundwater flow in carbonate aquifers.
The highly channelized structure of preferential flow paths in the HES aquifer is particularly well suited
to test and validate new field characterization approaches. The main relevant investigation methods in
such aquifer have been found to be the coupling between borehole flow logs and temperature data
acquired with probes and/or Optic Fiber-Distributed Temperature Sensing (FO-DTS). In addition to this
1-D information (or pseudo 2-D information in case of cross-borehole tests), investigations by means
of seismic methods have been found to be very useful for filling the gap of information between wells.
The number of HES boreholes and available images enabled to validate the seismic-reflection method
for delineating the 3D structure of high-K bodies in the aquifer. The interpretation of pumping test data
according to a stochastic framework allows to better characterize the heterogeneity of aquifer
transmissivities through their geostatistical modelling (geometric mean, integral scale, and variance).
Nevertheless, the information content of single-well pumping tests seems to be insufficient to capture
the multi-permeability structure of the aquifer.
The high spatial density and variability of aquifer data available at the HES is particularly suited to test
different modelling approaches. A very important outcome from the modelling studies that have been
conducted at the HES (MACH project, Bodin et al. 2012, Multiple-Point Statistics, Le Coz et al. 2017)
have shown that the type of data that is used to parameterize/calibrate the models is more important
than the conceptual modelling approach (e.g., EPM vs. DFN) and/or the model dimension (e.g., 2D vs.
3D).
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Five representative publications
Articles (authors, year, title, journal)
Le Coz, M., Bodin, J., Renard, P.
(2017) On the use of multiple-point
statistics to improve groundwater
flow modelling in karst aquifers: A
case study from the Hydrogeological
Experimental Site of Poitiers, France.
J. Hydrol., Vol. 545, February 2017,
Pages 109-119.

Bodin, J., Ackerer, P., Boisson, A.,
Bourbiaux, B., Bruel, D., Dreuzy, J.-R.
d., Delay, F., Porel, G., and Pourpak,
H. (2012), Predictive modelling of
hydraulic head responses to dipole
flow experiments in a
fractured/karstified limestone
aquifer: Insights from a comparison
of five modelling approaches to realfield experiments, Journal of
Hydrology, 454-455, 82-100.

Chatelier, M., Ruelleu, S., Bour, O.,
Porel, G., and Delay, F. (2011),
Combined fluid temperature and
flow logging for the characterization
of hydraulic structure in a fractured
karst aquifer, Journal of Hydrology,
400(3-4), 377-386.

Riva, M., Guadagnini, A., Bodin, J.,
and Delay, F. (2009), Characterization
of the Hydrogeological Experimental
Site of Poitiers (France) by stochastic
well testing analysis, Journal of
Hydrology, 369(1-2), 154-164.

Brief description (main scientific
breakthrough)
Multiple-point statistics are
applied to describe karst
features in a limestone aquifer.
A numerical flow model is used
to simulate responses to
pumping test experiments.
The main flow behaviors
evident in the field data are
reproduced.
The spatial structure of the
karst features influences these
behaviors
Five modelling approaches
were tested against a wellstudied limestone aquifer.
Drawdown responses to dipole
(pumping/reinjection) pumping
tests had to be predicted.
Differences between model
predictions were controlled by
parameterisation data.
Only the order of magnitude of
the drawdowns was correctly
predicted.
Single-well pumping test data
did not capture the multipermeability structure of the
aquifer.
Heterogeneous flow structure
is characterized by
temperature and flow logs.
Temperature signs the origin of
waters and better delineates
inflow depths.
Flow logs validate relative head
pressures when anomalous
thermal signature exists.
Both techniques provide useful
information about the
preferential flow paths.
Cross-borehole method helps
to determine preferential
connection between wells.
This study investigates the
applicability and performance
of the stochastic well testing
methodology to provide a
geostatistical characterization
of the transmissivity
distribution of a
heterogeneous aquifer.
The methodology is based on
stochastic type-curves of mean

Dataset used
-

-

-

-

Cross-borehole pumpingtest data
Map of a cave system
close to the HES

Cross-borehole pumpingtest data
Slug-test data
Petrophysical well-log
and core data
Fracture and karst
network data

Borehole temperature
and flow logs
Transient cross-borehole
flowmeter tests

Cross-borehole pumpingtest data
Seismic geophysical
surveys
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-

Mari, J. L., Porel, G., and Bourbiaux,
B. (2009), From 3D Seismic to 3D
Reservoir Deterministic Model
Thanks to Logging Data: the Case
Study of a Near Surface
Heterogeneous Aquifer, Oil & Gas
Science and Technology-Revue D Ifp
Energies Nouvelles, 64(2), 119-131.

-

-

-

drawdown and associated
variance.
The geometric mean, integral
scale, and variance of local logtransmissivities are estimated.
Refraction and reflection
seismic surveys have been
recorded.
Refraction survey shows the
main orientations (N90 and
N50) of fracture corridors.
Reflection survey enables to
generate a 3D seismic pseudo
velocity block in depth. The 3D
seismic pseudo velocity block
shows the large heterogeneity
of the aquifer reservoir in the
horizontal and vertical planes,
and confirms the main
structural orientations (N90
and N50) identified by the
refraction survey. The low
velocity areas correspond to
high hydraulic conductivity.

-

Surface seismic
geophysical surveys
Borehole geophysical logs
Borehole image data

II.2 PhD students (period 2008-2018)
Name of PhD student
Joseph Bassil

Topic
Investigation of the nature and
origin of the geological matrices
rich in selenium

Current position of PhD student
Lecturer, Lebanese University,
Beirut, Lebanon

Marion Chatelier

Fluid temperature and flow logging
for the characterization of
hydraulic structures; Groundwater
denitrification by biofilms

Engineer, BRGM

Olivier Audouin

Assessment of the hydraulic
properties of karst conduits by
cross-borehole slug tests

Senior Engineer, CFG Services

Anne Kaczmaryk

Single- and dual-medium inverse
modelling of pumping test data

Primary school teacher
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II.3 Main datasets available on the site
See http://hplus.ore.fr/en/poitiers/data-poitiers and google Earth interface
http://hplus.ore.fr/documents/poitiers.kmz
Type of data

Scientific interest and uniqueness

Pumping test data

Large number of cross-borehole
pumping tests that may be used for the
calibration of different conceptual and
numerical models, and/or for hydraulic
tomography
Assessment of inter-well connectivity
and hydraulic characterization of highK flow structures
Location and nature of high-K flow
structures
Assessment of 3D aquifer
heterogeneity, interest in coupled
inverse modelling
Large number of tracer test BTC that
may be used for the calibration of
different conceptual and numerical
models, and/or for transport
tomography

Cross-borehole slug
test data
Borehole flow and
camera logs
3D seismic
geophysical data
Tracer test data

Data on H+
database ?
Yes

Link to dataset78
Pumping tests: Example:
2017 pumping tests

Yes

Slug tests

Yes

Borehole Flowmeter logs

Under test

Yes

Tracer tests

II.4 Use of data by external teams
Team

Period

Scientific objectives

Dataset

CHYN (Ph. Renard)

2015present

Use of multiple-point statistics for
direct and inverse modelling of
groundwater flow in carbonate
aquifers

Cross-borehole pumping test data

LhyGeS (Ph. Ackerer,
F. Delay)

2010-2016

Inverse modelling of aquifer tests

Cross-borehole pumping test data

Politecnico di Milano
(M. Riva, A.
Guadagnini)

2008-2009

Stochastic methods for the
interpretation of pumping tests

Cross-borehole pumping test data

University of Pavia,
Italy (P. Torrese)

2013-2015

Comparison between geophysical
3D seismic and ERT imagery
methods

3D seismic geophysical data

IFPEN (J.-L. Mari)

2008present

Characterization of susbsurface
heterogeneity by seismic and
acoustic methods

3D seismic geophysical data

LIAS Poitiers (A.
Chamroo)

2012-2015

Assessment of signal processing
methods for the interpretation of
aquifer tests

Cross-borehole pumping test data
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Click on URL links to access data and use login and password provided to the scientific committee. For downloading pdf
files from the excel data sheets, please add the path http://hplus.ore.fr/documents/ in front of the URL address. For
instance change “ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf” to
“http://hplus.ore.fr/documents/ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf”
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IFPEN (B. Bourbiaux)

2008-2012

Comparison of groundwater flow
modelling approaches (MACH
benchmark project)

Pprime Poitiers (J.-F.
Thovert, V.
Mourzenko)

2008-2012

Comparison of groundwater flow
modelling approaches (MACH
benchmark project)

Paris School of Mines
(D. Bruel)

2008-2012

Comparison of groundwater flow
modelling approaches (MACH
benchmark project)

Cross-borehole pumping-test
data; Petrophysical well-log and
core data; Borehole flow and
camera logs
Borehole flow and camera logs.
Cross-borehole pumping-test
data. Fracture and karst network
data
Fracture and karst network data

II.5 Development of innovative experimental or measurement methods.
Cross-borehole slug tests. A series of single- and cross-borehole slug-test experiments were carried
out in support of pumping-tests. The T-values interpreted from slug tests exhibit a higher variability
than those interpreted from pumping tests. This finding reflects a finer sensibility of slug tests to
heterogeneity. Whereas pumping tests involve the entire fracture/karst-conduit/matrix system
because of the limited storage capacity of karst conduits and fracture voids, the head perturbation
induced by a slug test propagates only through the flowpaths with the lowest hydraulic resistance.
Cross-borehole slug-test interpretations are therefore expected to yield hydrodynamic parameters
characterizing preferential flowpaths corresponding to fractures and/or karst conduits, whereas
pumping tests performed over a much larger time scale are more likely to define the bulk properties
of the entire fracture/karst-conduit/matrix system. As a valuable complement to cross-borehole
slug tests, single-borehole slug tests in the wells intercepting neither karst conduits nor fracture
flowpaths are expected to yield representative T-values of the limestone rock matrix.
DTS optic fiber. Experiments have been conducted in 2015 in collaboration with the “H+ Rennes”
team to assess the interest of passive and active Fiber-Optic Distributed Temperature Sensing (FODTS) for characterizing heterogeneities and groundwater dynamics in the HES karst aquifer. The
simplest experiments consist in monitoring temperature changes simultaneously in 3 to 4 boreholes
during a pumping test. The duration of each pumping test was about 3 to 4 h, a duration that
allowed obtaining a clear hydraulic response on most boreholes. Temperature was monitored every
30 seconds with a temperature resolution varying between 0.04°C to 0.08°C for a spatial resolution
equal either to 29 cm or 50 centimeters depending on the DTS unit. As expected, the temperature
changes are highly variable from well to well. In most boreholes, one clearly observes some changes
in borehole temperature that may be used to locate precisely the main permeable levels and to
estimate borehole flow rates through the borehole temperature evolution. Such data are very useful
to deduce the connectivity between the different karstic levels and to estimate the hydraulic
properties of the aquifer. In addition, temperature monitoring during recovery allowed us to survey
groundwater dynamics with great details to analyze the interactions between the karstic structures
and the numerous fractures intersecting the borehole. When no temperature changes are
observed, active DTS methods may still be used to monitor groundwater flows. Active-DTS methods
are considered when the cable or borehole fluid is heated. For instance, it is possible to use a
thermal resistance within a borehole and monitor temperature evolution with time to estimate
ambient borehole flow velocities. Thus, passive and active DTS methods are found very
complementary for providing spatial and temporal monitoring of groundwater dynamics in
heterogeneous aquifers.
II.6 Collaborations with H+ teams
DTS optic fiber  collaboration with H+ Rennes: see above.
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Coupled borehole flow and temperature logging  collaboration with H+ Rennes. Borehole
temperature and flow logs were performed under various hydrodynamic conditions from ambient
flow to radial forced flow at the large scale. Both techniques complement each other since flow logs
measure local flow velocities in wells whereas water column temperature profiles delineate inflow
depths. For example, temperatures indicate the origin of water (e.g., shallow versus deep) which is
not indicated by flow logs. On the other hand, complex temperature profiles due to the interception
by a well of several productive layers are better explained when local flow directions are provided
by flow logs. The results indicate hydrodynamic conditions affecting the connections between
different water-bearing bodies. Pumping the monitored well at a low rate will capture a short-term
and local effect related to the convergence of flow into the well bore. When pumping at high
discharge rates in a distant well, temperatures and flow logs will capture the long-term readjustment of hydraulic heads over a wide portion of the aquifer. At the end, the association of
temperature and flow logs reveals a handy and cost-effective tool, well suited to delineate the
complex structure of flow in fractured karst aquifers.
MACH project  collaboration with H+ Rennes. Five modelling approaches, among which one
proposed by the team H+ Rennes and another one proposed by the team H+ Poitiers, were tested
against the HES aquifer datasets. The modelling exercise consisted in predicting the drawdown
responses of a series of observation wells for two dipole (pumping–injection) flow experiments
involving two distinct well pairs at the HES. The differences between model predictions appeared
to be mainly related to the hydraulic datasets used for model parameterisation and, to a much lesser
extent, to the conceptual modelling approach (equivalent porous medium vs. discrete fracture
networks), the model dimensionality (two-dimensional vs. three-dimensional), and/or the
parameterisation approach (forward vs. inverse). Despite the abundance and diversity of
calibration/parameterisation data, all of the models failed to predict the drawdowns with a
reasonable degree of accuracy. Only the order of magnitude of the drawdowns was correctly
predicted by three of the five models, whereas all models failed to predict the drawdown behaviour
at both intermediate and late times. The primary source of error is attributed to a lack of
information in the single-well pumping test data, which did not capture the multi-permeability
structure of the aquifer as revealed a posteriori by the responses to dipole flow experiments.
II.7 Link with models
MACH Project (French CNRS-INSU/EC2CO). A critical issue in modelling groundwater flow and
solute transport in heterogeneous aquifers is determining an optimal balance between model
complexity and the available calibration/parameterisation data. Oversimplified models may fail to
capture important aspects of the flow structure and dynamics, whereas undersimplification may
result in costly models that are difficult, if not impossible, to implement due to the scarcity of field
data. This issue is particularly relevant for fractured/karstified limestone aquifers, which are known
to be highly heterogeneous because they contain low-resistance pathways sometimes enlarged by
dissolution, in which pressure-head perturbations and/or solutes may propagate much more rapidly
than within the intergranular permeability of the rock matrix. As a contribution to this topic, the
aim of the MACH (Modélisation des Aquifères Carbonatés Hétérogènes) project was to use the HES
database (petrophysical well-log and core data, pumping test and slug-test data, fracture and karst
network statistics) for comparing different modelling approaches. Five models were developed by
five distinct modelling teams formed by researchers either internal or external to the H+ network
(IFPEN, Mines Paris, LHYGES, H+ Rennes, and H+ Poitiers). The modelling approaches included three
equivalent-porous medium (EPM) approaches, one purely discrete fracture network (DFN)
approach, and one hybrid DFN-EPM continuum approach. The modelling exercise consisted of
predicting the drawdown responses of a series of observation wells for two dipole (pumping–
injection) flow experiments involving two distinct well pairs at the HES. The real experiments were
performed once the predictive simulations were fully completed. The main findings of this work can
be summarised as follows: 1) The differences between model predictions appear to be mainly
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related to the hydraulic datasets used for model parameterisation and, to a much lesser extent,
to the conceptual modelling approach (EPM vs. DFN), the model dimension (2D vs. 3D), and/or
the parameterisation approach (forward vs. inverse); and 2) despite both the abundance and
diversity of calibration/parameterisation data, all of the models failed to predict the drawdowns
with a reasonable degree of accuracy. This highlights the need to develop novel (or improved)
approaches to characterise the hydraulic properties of limestone aquifers. In particular,
conventional (single-well) pumping tests seem insufficiently sensitive to discriminate between the
multiple ranges of flowpath diffusivities controlling the propagation of pressure-head perturbations
within the aquifer.
HES pumping test database. The pumping-test data collected at the HES have been used:
1) to develop new theoretical insights in the interpretation of aquifer tests according to a
stochastic framework [Riva, M., Guadagnini, A., Bodin, J., and Delay, F. (2009), Characterization
of the Hydrogeological Experimental Site of Poitiers (France) by stochastic well testing analysis,
Journal of Hydrology, 369(1-2), 154-164], and in the interpretation of reciprocity gaps that may
be observed in pumping test responses [Delay, F., Ackerer, P., and Guadagnini, A. (2011),
Theoretical analysis and field evidence of reciprocity gaps during interference pumping tests,
Advances in Water Resources, 34(5), 592-606; Delay, F., Ackerer, P., Belfort, B., and Guadagnini,
A. (2012), On the emergence of reciprocity gaps during interference pumping tests in unconfined
aquifers, Advances in Water Resources, 46, 11-19; Sanchez-Vila, X; Ackerer, P; Delay, F;
Guadagnini, A, (2016), Characterization of reciprocity gaps from interference tests in fractured
media through a dual porosity model, Water Resources Research, 52 (3), 1696-1704].
2) to develop new inverse modelling approaches for the optimization of distributed groundwater
models [Ackerer, P., and Delay, F. (2010), Inversion of a set of well-test interferences in a
fractured limestone aquifer by using an automatic downscaling parameterization technique,
Journal of Hydrology, 389(1-2), 42-56], or lumped (black-box) models [Chamroo A., Ouvrard R,
Poinot T., Porel G., Nauleau B. and Bodin J. (2014). Continuous-Time Model Identification of
Wells Interaction on the Hydrogeological Experimental Site of Poitiers. European Control
Conference (ECC2014); Chamroo A., Ouvrard R, Poinot T., Bodin J., Nauleau B. and Porel G.
(2015). Hydrogeological Experimental Site of Poitiers (France). IFAC Symposium on System
Identification (Sysid)].
3) to evaluate the relevance of new parameterization approaches for groundwater modeling [Le
Coz, M., Bodin, J., Renard, P. (2017) On the use of multiple-point statistics to improve
groundwater flow modeling in karst aquifers: A case study from the Hydrogeological
Experimental Site of Poitiers, France. J. Hydrol., Vol. 545, February 2017, Pages 109-119]
II.8 Scientific animation
Coupled MACH/MOHINI/HTHS workshop. In 2008, a coupled worskhop related to three national
research projects (MACH – see description in section II.7, ANR MOHINI, GDR HTHS) was held close
to the HES. This workshop facilitated exchanges between researchers involved in the modeling of
highly heterogeneous hydrogeological systems.
DTS workshop. In 2015 a workshop on the theory, application, and analysis of distributed
temperature and acoustic sensing (DTS and DAS) for hydrogeology was held at the HES. The goal of
this workshop was to perform field demonstrations to assess the interest of DAS and FO-DTS
methods for i) imaging the structural properties of a karstic aquifer, and ii) follow the dynamic of
the aquifer during hydraulic tests. The workshop also facilitated exchanges between practitioners
and instrument manufacturers.
IFPEN. The HES has been used for 10 years by the French petroleum institute IFPEN for field-scale
petroleum-engineering training. The training sessions (one or two per year) are one-week duration
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and include field-geology (outcrop analysis, core description), hydraulic tests (pumping tests and
slug tests), and reservoir modelling.
II.9 Average annual budget
During the last 10 years, the average annual budget of the HES was about 44 K€ per year. One third
of this budget resulted from the H+ program (INSU SO and SOERE). Two thirds were from the French
Poitou-Charentes Soils-Water Research program (CPER). Most of the equipment expenses were
related to borehole logging tools (winch, flow and water-temperature probes, rock-resistivity
probe), the periodic renewal of piezometric dataloggers, and the equipment for the maintenance
of the field facility (e.g., tractor). The consumable expenses were mainly related to the maintenance
of the above-listed instruments and the maintenance of software licenses.
Average annual Budget (2008-

resources

Expenses

2018)

Total (k€)

travel costs

1

Consummables

12.5

temporary staff

0.5

Equipment

30

TOTAL

44

INSU SO

7

Universities, OSU, BRGM

0

Programs (UE, ANR, INSU, ADEME,
région)

30

SOERE

7

III Project for 2018-2023
III.1 Scientific project
During the past 10 years, most of the HES studies focused on the characterization and modelling of
groundwater flow and pressure transfers. The next years will focus on solute transport. Knowing
that mass transfers are much more sensitive to heterogeneity than pressure-head transfers, the
main challenges will be 1) to better characterize the HES aquifer in terms of karst-network geometry
and transport properties and 2) to identify the most relevant conceptual and numerical modelling
approaches. The characterization will be based on the coupling between the seismic-geophysical
data, which gives insights about the 3D structure of karst conduit network, and tracer tests, which
gives information about residence times and multiple-path routing of solutes between the injection
well and the observation well. On the same basis as the MACH project discussed above, an
intercomparison modelling exercise will be set-up from the HES database. The international
community will be invited to take part in this project, which will be submitted for external funding
by the French CNRS and/or European Community. The goal will be to identify the most efficient
modelling approaches for transport in carbonate aquifers.
III.2 Parameters and data
Tracer tests. The main purpose of the HES experiments planned in next five years is to create a
reference database of tracer tests. The basic idea is to get as many cross-borehole tracer tests as
possible from the HES well arrangement (30 wells in a square area of 200 m x 200 m) and inter-well
flow connectivity. A series of radial-convergent tracer tests is performed for each active pumping
well. The tracer (Uranine) is sequentially injected in the HES boreholes that have been shown to be
connected to the pumping well thanks to cross-borehole flow logging. The active pumping well is
changed once per year. Since 2014, 70 tracer-tests have been performed. In the end, the goal is to
reach at least 200 tracer experiment datasets.
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III.3 Expected impact of results
The cross-borehole tracer-test database discussed above will be unique worldwide in terms of
spatial density. In complement to the already available high density pumping-test database and
high-resolution 3D geophysical data, this new tracer-test database will greatly improve the scientific
interest of the HES for assessing coupled-inversion modelling strategies. The range of tracer-test
distances, from 50m to 250m, will also allow to assess the scale effects in the identification of
aquifer transport parameters.
III.4 Interdisciplinary and international collaborations
Cost Action MAGPIe. The HES will be one of the two field-test sites of the COST Action MAGPIe
project (Modern Approaches for Groundwater System Protection by Inverse Modelling under
Uncertainty, coordinator: Monica Riva). The goal of this project, which has been submitted in 2018,
is to assess the uncertainty of inverse modelling approaches against well-defined benchmark
scenarios. Quantitative assessment of groundwater resources is hampered by the uncertainty
associated with geological formations, that are impossible to characterize in all of their details.
Dealing pragmatically with this problem requires embracing a probabilistic view within which, one
should frame inverse modelling techniques conducive to quantification of uncertainty associated
with predictions. While a large variety of stochastic inverse methods is available, a convincing
assessment of their relative merits and drawbacks is lacking. A reason for this is the lack of welldefined benchmark scenarios to allow comparing diverse methods under controlled and
reproducible conditions. The produced benchmark scenarios, reference and compared solutions,
will be publicly available on a long-term basis for continued use. They can serve as a reference
against which new inverse modelling techniques can be evaluated.
Innovative DNA tracer experiments. The first attempts to use DNA molecules as groundwater
tracers were made in the late 1990s (Sabir et al. 1999, 2000). Field experiments showed the interest
of this method but also highlighted complex reactivity and biodegradation problems with the DNA
molecules. The Haelixa company (Zurich, Switzerland) currently develops new DNA tracers that are
encapsulated within protection microspheres. Investigations are planned in collaboration with the
ETH Zurich in order 1) to assess these tracers through HES cross-borehole tracer experiments for
which conventional (fluorescent) tracer test data are already available and 2) to use these tracers
for multiple-injection well experiments within a tracer-tomography inversion framework.
III.5 Collaborations with H+/OZCAR teams
High frequency temperature monitoring as a groundwater tracer of flow in the critical zone.
Recent technological developments in Fiber Optic Distributed Temperature Sensing (FO-DTS) allow
to provide temperature measurement with an unprecedented spatial and temporal resolution. In
collaboration with the team H+ Rennes, a first FO-DTS experimental campaign has been conducted
in 2015 at the HES for tracking the channelled flows within the karst aquifer thanks to their thermal
signature. The results of this first campaign revealed some complex interference signals that might
be due to interactions between fractures, karst conduits and boreholes. A new FO-DFTS
experimental campaign (few weeks to few months duration) is planned in order to better
characterize and understand the information content of these interference signals.
MFPN interpretation of tracing experiments. Multiple-peak and/or long-tail breakthrough curves
(BTCs) are typical of tracer-tests performed in surface- and/or ground-water systems. While multiple
peaks provide a direct evidence of solute-mass partitioning between discrete flow paths, i.e. at least
one path per peak, the interpretation of BTC tailing is generally less evident as different processes
may be involved. For non-reactive tracers, the long-tail behavior of a BTC may origin either from i)
the presence of multiple discrete transport flow paths with low Peclet numbers (sub-BTCs
overlapping), ii) decaying injection boundary condition, iii) solute mass exchanges between highand low-flow velocity zones, and iv) any combination of the above processes. The identification of
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the actual number of transport flow paths involved in a non-reactive field tracer experiment is
therefore a challenging task because a flow system with a number N of transport flow paths can
produce a BTC with 1 to N concentration peaks. A new open-source graphical user interface (GUI)
based software is currently developped for addressing this challenge through a minimum flow-path
number (MFPN) approach. This software enables to perform direct and inverse simulations of solute
transport in multiple flow path systems according to different conceptual and analytical transport
models, and allows identifying the minimum number of flow paths required to properly fit a given
BTC. Using this software, the MFPN approach will be applied to tracer-test data collected by the
OZCAR teams in different hydrological systems, which will allow analyzing the influence of
hydrological settings on BTC response typology.
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Annex 3: Scientific report and prospective project for the Larzac site
I. Description of the Observation System
I.1 Scientific questions addressed with the site
The Larzac site is located in south of France in karst hydro-system. The area of the karstic catchment
within a thick unsaturated zone of ~ 150 m is about 10 by 10 kilometers with low human activities
and a Mediterranean climate. The general objective is the evaluation of the vulnerability and of the
evolution of a typical Mediterranean karstic hydro-system focusing on three main objectives of the
site:
(1) To develop new (or combine) geophysical methods to characterize water transfer in all the
different parts of the karst: both saturated and unsaturated zones. The geophysical approach
includes validation of new sensors (such as quantum gravimeters currently), field experiments and
long term monitoring. The new geophysical methods are needed in karstic heterogeneous medium
to complement classical observations (chemical or in boreholes) in terms of scales (both temporal
or spatial) in order to constrain numerical simulations.
(2) To monitor the temporal dynamic of the karst hydro-system as extensively as possible in one
point (the Larzac observatory) and all processes during water transfer from the surface (including
evapo-transpiration) to the saturated zone. Observations can be continuous or not and include
hydro-meteorological, geophysical and chemical measurements. In complement to the point scale
observatory monitoring, experiments (geophysical or chemical) are conducted to document the
spatial variability of the processes. The point observatory at various frequency is needed to describe
and quantify the various processes of the karst hydro-system at all frequency (from the event to
climatic scale).
(3) To combine or assimilate the various observations in different numerical models. Numerical
models are up to now not unified (going from lumped models to variable saturation 3D models such
as PFLORTRAN). The numerical simulation (at local or catchment) scale including various data-set
are needed to understand the sensitivity and the evolution of the catchment to natural or human
forcing.
I.2 Description of the infrastructure
The site is, since its creation in 2008, composed of one main observatory and a distributed network
of measurements.
The observatory is set as a reference for monitoring and for spatial experiments. At the
observatory, classical hydro-meteorological parameters are continuously recorded: precipitation,
wind, temperature, water level, temperature and conductivity (in three boreholes) and actual
evapo-transpiration (from a flux Eddy-Correlation tower). In complement, a GPS, a seismometer, a
gravimeter and an Electrical Resistivity Tomography (ERT) are continuously operating. The complete
instrumentation allows: (1) a comparison and validation of news sensors. (2) The investigation at all
time scales of the hydro-geological processes, both with classical and geophysical observations. (3)
The development of numerical tools to combine geophysical observations with numerical
groundwater simulations.
To complete the observatory and investigate the spatial variability of the processes or the
spatial scale of the observations, some continuous measurements are distributed such as flow
measurements at different depths or precipitation. Following projects timeline, spatially distributed
experiments are done.
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I.3 Scientific PI and core team in charge of the observatory
PI of Larzac site: Cedric Champollion (assistant professor)
Institutions: Lab. Geosciences Montepllier / University of Montpellier
Research ID: http://www.researcherid.com/rid/J-6447-2015
ORCID ID: https://orcid.org/0000-0001-5550-3252
Total Articles in Publication List:
Sum of the Times Cited:
543
h-index:
13
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Core team in charge of the observatory (all at the Montpellier Geosciences lab.):
C. Champollion (PI)
N. Lemoigne (Engineer in charge of the observatory)
E. Doerflinger (Engineer in charge of the distributed network)
J. Chery / D. Roubinet (numerical simulation collaborators)
P. Vernant (Karstogenesis and tracing collaborators)
F. Boudin (Engineer in charge of tiltmeters), now at the ENS lab. in Paris
I.4 Position in international scientific context
The originality of the site compared to other sites in karst area are:
(1) The continuous geophysical observations (seismological, GPS, gravimeter, ERT) in complement
to the classical hydro-meteorological monitoring is the historical originality of the site. Compared
to classical geophysical experiments, the continuous observations allow to focus on natural
processes (compared to controlled experiments) at different time scale. Currently, the geophysical
monitoring is completed at the spring outlet by chemical monitoring and especially dissolved gases
(noble gases and CFC/SF6).
(2) The in-situ (in natural caves) monitoring of water flow (from 5 m depth to more than 100 m
depth) completed with geophysical experiments (and recently chemical sample) in natural caves
too. As the unsaturated zone of the karst is thick (more than 150 m), with transient reservoir, the
observations in natural caves are important to identify the different contributions and processes
with depth.
I.5 synthesis
Scientific questions
How can we quantify processes of
the unsaturated zone?

Challenges
Lack of observations and high
heterogeneities

Opportunity offered by the site
New continuous geophysical and
new chemical observations both
in surface and in natural caves

Are geophysical observations
providing hydrogeological
information?

Difficulties to represent
geophysical observations in
groundwater numerical
simulations

A highly instrumented and well
known site with a large panel of
various observations.

Is geophysical monitoring in an
unsaturated karstic zone valuable?

Lack of example geophysical
monitoring.

A highly instrumented and well
known site with a large panel of
various observations.
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II Report of activities 2008-2018
II.1 Scientific contributions (period 2008-2018)
The scientific objectives in the first ten years after the creation of the Larzac site was to investigate the
potential of geodesic measurements (gravity, tilt) for hydro-geologic studies in a karst hydro-system.
The 10 published papers demonstrate that both the gravity and tilt measurements provide information
and quantification about the water transfer in such a heterogeneous medium. Gravity, both in surface
and in depth, allows to monitor the water storage in the subsurface of the karst, so-called the epikarst
(Champollion et al., 2017). Such a quantification of transient groundwater resources in a partially
saturated zone with perched aquifer, is only possible from gravity measurements. At the scale of the
catchment, spatially distributed gravity measurements reveal the heterogeneities of the water storage
in the epikarst (Jacob et al., 2010). Finally, the gravity from continuous measurements (Fores et al.,
2018) allows to investigate the impact of processes at different time scales and to quantify the presence
or not of fast transfer. Concerning the tilt, hydro-geological signals have measured (Jacob et al., 2010;
Lesparre et al., 2017) related water loading of fractures.
After the confirmation of the gravity potential, the scientific objectives of the site evolve towards the
combination of various geophysical monitoring methods. The scientific objective is to balance each
geophysical method with another one. For example the gravity method was combined with
seismological data to improve the vertical resolution. The seismological noise used to retrieve the
velocity of the elastic waves by correlation has been applied to the Larzac site. The seismic noise
method in a karst context (Fores et al., 2018) is of great potential and shows promising results.
Combining geophysical data-set together or with hydro-dynamic measurements has been done in a
lumped model (gravity, outlet spring flow) or in a 1D Richards based model (gravity, MRS, seismic). Such
an approach must pursue as the numerical simulation of the vadose zone (in a karst or not) need
constraints from a various set of geophysical data.
Five representative publications
Articles (authors, year, title,
journal)
Champollion, C. et al.; Estimating
epikarst water storage by timelapse surface to depth gravity
measurements, Hydrol. Earth Syst.
Sci. Discuss.,
https://doi.org/10.5194/hess2016-355, in press, 2017.

Brief description (main scientific
breakthrough)
Quantification of transient water
storage in the unsaturrated zone
of the karst

Fores, B., Champollion, C.,
Mainsant, G., Albaric, J., & Fort, A.
(2018). Monitoring Saturation
Changes with Ambient Seismic
Noise and Gravimetry in a Karst
Environment. Vadose Zone
Journal, 17(1).

Combined use of MRS, gravity and
new noise seismic data in a 1D
richards model

Dataset used
Gravity measurements,
Hydro-meteorological
observations
Magnetic Resonance Sounding
(MRS)
Gravity measurements,
Hydro-meteorological
observations
Magnetic Resonance Sounding
(MRS)
Seismological data

Jacob, T., Bayer, R., Chery, J., and
Le Moigne, N. (2010), Time-lapse
microgravity surveys reveal water
storage heterogeneity of a karst
aquifer, Journal of Geophysical
Research, 115(B6).

Statial and temporal water storage
in the epikarst from gravity
experiments at the catchment
scale.

Gravity measurements,
Hydro-meteorological
observations
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Jacob, T., Chéry, J., Boudin, F., and
Bayer, R. (2010), Monitoring
deformation from hydrologic
processes in a karst aquifer using
long-baseline tiltmeters, Water
Resources Research, 46(9).

Use of long based inclinometer to
follow hydrologic processes in
natural caves

Long based inclinometer

Mazzilli, N., Boucher, M.,
Chalikakis, K., Legchenko, A.,
Jourde, H., & Champollion, C.
(2016). Contribution of magnetic
resonance soundings for
characterizing water storage in
the unsaturated zone of karst
aquifers. Geophysics, 81(4),
WB49-WB61.

Field experiment of vadose zone
monitoring with MRS.

Magnetic Resonance Sounding
(MRS)

Hydro-meteorological
observations

Borehole logging and piezometer

II.2 PhD students (period 2008-2018)
Name of PhD student
Remi Valois

Topic
Geophysic

Current position of PhD student
Post-doc in Centro de Estudios
Avanzados en Zonas Áridas, La
Serena, Chile

Thomas Jacob

Gravimetry

Permanent position at the french
geological survey (BRGM)

Sabrina Deville

Gravimetry

Freelancer in hydrogeology

Benjamin Fores

Seismology and gravimetry

Post-docoral
position
ChronoEnvironnement
(Besançon, France)

Anne-Karin Cooke

Instrumental development
collaboration with Muquans

in

in
Lab

First year of PhD

II.3 Main datasets available on the site
See http://hplus.ore.fr/en/larzac/data-larzac and google Earth interface
http://hplus.ore.fr/documents/larzac.kmz
Type of data
Evapotranspirati
on (eddycorrelation)
Gravity

Seismometer

Scientific interest and
uniqueness
Needed to close the water
mass balance

Data on H+ database ?

Link to dataset79

no

https://data.oreme.org/gek/home

Unique monitoring of
groundwater mass balance
in karstic area

Yes

Continuous absolute gravimeter
data: example : 2014 data

Monitoring of surface
waves velocity linked to
water content in the
vadose zone

No

http://seismology.resif.fr/

79

Click on URL links to access data and use login and password provided to the scientific committee. For downloading pdf
files from the excel data sheets, please add the path http://hplus.ore.fr/documents/ in front of the URL address. For
instance change “ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf” to
“http://hplus.ore.fr/documents/ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf”
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Tiltmeter

GPS

Hydrodynamic
Chemistry
ERT
Underground
flow

Monitoring of deformation
linked to fracture water
loading
Monitoring of potential
deformation linked to
fracture water loading
Piezometric level

yes

Continuous absolute tiltmeter
data: example 2013 data

no

http://webrenag.unice.fr/?lang=fr

yes

Monitoring of dissolved
gases
Monitoring along projects
In-situ
monitoring
at
different
depth
of
groundwater flow

No

Piezometric level : example 2017
data
Still under validation

No
No

Database model under test
To be inserted

II.4 Use of data by external teams
Team

Period

Scientific objectives

Dataset

Lab. EMMAH,
University of Avignon
(Mazzilli and
Chalikakis)

20082018

Comparison of MRS and borehole
piezometers

MRS, piezometer

Lab. Metis, University
of Paris 6 (Valois and
Galibert)

20082014

Time Lapse geophysical imaging

Hydro-meteorological

Lab. Hydroscience,
University of
Montpellier (De
Montety)

20162018

Comparison of chemical sampling
and gravity and flow monitoring

Gravity

University of Liège
(Lesparre and
Nguyen)

20162018

Combined geophysical imaging
and monitoring

Gravity, MRS, ERT

In-situ flow measurements

II.5 Development of innovative experimental or measurement methods.
In the Larzac observatory, two or three innovative geophysical instruments or methods are in
development:
(1) Gravity: since 2008, the Larzac observatory is a place for inter-comparison of new gravity sensors
(Jacob et al., 2009). The new generation of supra-conducting gravimeter (iGrav) of the observatory
was the first installed in the world (Fores et al., 2017). New gravimeters such as CG6 or gPhone have
been tested also. Currently, a new quantum gravimeter is in development (Muquans with a funding
from RESIF and the PhD of Anne-Karin Cooke, ITN Enigma). The validation is expected to be done
during the PhD of Anne-Karin Cooke. All the developments of gravity measurements follow the
objective of an easy use of gravity in the hydro-geological studies: the final objective is a field
absolute gravimeter for spatial and temporal processe monitoring.
(2) Seismology: the use of noise correlation to monitor water content in the unsaturated zone has
been setup at the Larzac with promising results compared to the gravity and the MRS measurements
(Fores et al., 2018). It has been assimilated in a 1D numerical simulation and we are currently setting
up a 3D numerical simulation. The seismological noise monitoring is also applied to another H+ site
at the LSBB (Oral presentation EGU 2018, A. Haned) with a clear signal after rainfall (post-doc A.
Haned, Geosciences Montpellier lab.). The effort in the development of the seismological noise for
hydro-geology should be pursued with a funding proposal submitted to CRITEX (June 2018).
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(3) Tiltmeters: tiltmeters are extremely sensitive sensors (up to the nano-radians: 1 mm vertical
displacement along a 1000 km baseline). Three long based tiltmeters have been installed at the
Larzac and show a correlation between fracture water loading and deformation (Jacob et al., 2010).
A last tiltmeter has been installed at the LSBB site (Lesparre et al., 2017).
II.6 Collaborations with H+ teams
(1) Currently a collaboration about dissolved gases (CFCs; SF6) monitoring with the Hydrosciences
lab. (HSM, Univ. Montpellier) and the french geological office (BRGM) is ongoing. The objective is
to characterize residence times of groundwater in the different reservoirs of karst (epikarst,
saturated zone). Along with chemical monitoring, the use of dissolved gases in a karst context needs
first methodological studies and then a combined interpretation (or simulation in a next step) with
hydrodynamic and gravity monitoring (oral presentation in Eurokarst, 2018). A PhD is starting next
year (L. Perotin, HSM, Sept. 2018) including the measurements at the Larzac site.
(2) Since 2008, a fruitfully collaboration with the LSBB team is ongoing (3 papers published). The
collaboration is based on the karst object from the process at the local scale to the basin scale. MRS,
tiltmeters and gravity experiments have setup in both H+ sites (LSBB and Larzac). The LSBB team
has complementary methods (MRS, ERT, hydro-geology) to these of the Larzac team (gravity,
seismology, …). The collaboration between LSBB and Larzac teams allows the combined use of
different geophysical methods. The collaboration is going on with as an example the installation by
the Larzac team of two GPS at the LSBB site to monitor in detail the deformation seen with the longbase tiltmeter.
(3) Since 2008, on a methodological point of view, a collaboration with the H+ associated team
METIS (Univ. Paris 6) is ongoing. It first starts on “classical” geophysical imaging during the PhD of
Remi Valois. Currently, the collaboration is renewed with the development of passive geophysical
monitoring in both seismology (L. Bodet) and Self Potential (D. Jougnot) and a submitted proposal
to CRITEX/OZCAR. The Larzac team is one of the leading team of geophysical monitoring with the
dedicated site and the innovative methodological development.
II.7 Link with models
Hydro-geological modeling in a karstic catchment is a challenging project. In the Larzac site, all
projects include a modeling package in order to test hypothesis or to combine various data-set.
Modeling is used to test the relation between observations and groundwater content (petrophysical
approach) or to quantify the parameters behind the processes (as characteristic time transfer or
epikarst reservoir capacity). The first integration of gravity data has been done in simple lumped
models with a limited number of parameters (Deville et al., 2012). Lumped models have also been
used to combine both flow measurements (in caves or at the outlet) and gravity measurements
(Mazzilli et al., 2013).
To combine more complex data-set such as seismological velocity changes or MRS, a 1D Richards
based model (Hydrus) has been setup for the observatory site (Fores et al., 2018). It allows to better
constrain the relation between geophysical measurements and vadose zone processes. One
significant result is the added value of the gravity to constrain the water mass balance at the
observatory scale.
Currently at the observatory scale, Anne-Karin Cooke (PhD) try to setup a 3D model (Pflortran)
where both topography, building and chemical data-set can be integrated more rigorously. This is
the first step towards modeling at the catchment scale (10*10 km).
II.8 Scientific animation
The Larzac site is contributing to the network scientific animation. Two annual H+ network meetings
have been organized in Montpellier by the Larzac team since 2008.
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The Larzac observatory is a gravity reference site where different states of art gravimeters are
compared and calibrated. Commercial company such as Muquans use the Larzac site for
experiments and validation and a collaboration with the University of Luxembourg (O. Francis)
allows to test new commercial gravimeters (gPhone, CG6 from Scintrex company).
The collaborative projects such as the ANR “hydrokarst” (350 k€, 2010-2014) allows to include
different teams in the site with complementary skills: subsurface geophysic (Metis, Univ. Paris 6),
chemistry (Geosciences Rennes, Univ. Rennes; HSM, Univ. Montpellier). To keep such animations
going on in the Larzac site, a proposal has been submitted this year by the Larzac and Metis teams
to OZCAR/CRITEX about geophysical monitoring (SP and environmental seismology).
II.9 Average annual budget
The budget of the site is classically in two separated parts. The maintenance and consumable
expenses (~ 10 k€) are funded each year by both the SNO H+ and the OSU OREME. On an annual
basis, well defined experiments, often in collaboration with H+ or international teams, are funded
by the SOERE H+ (especially with the LSBB team and recently with the Univ. of Liege). The SOERE
funding is often completed by local or national small funding (INSU, University, …).
Larger (and longer) projects and instruments have been funded by the ANR (setup of the Larzac
observatory) and the French “région” (post-doc about seismological noise in hydro-geology). The
participation to international or important projects is used to share costly instruments (Equipex
RESIF-core) or to find new collaborations (OZCAR/CRITEX, ITN Enigma).
Average annual

expenses

Budget (2008-2018)

Total (k€)

travel costs

6

Consummables

9

temporary staff

30 k€

PhD or Post-doc on project base

300 k€

Total of the instruments acquired
during time period 2008-2018

Equipment

resurces

TOTAL
INSU SO

3.5

Universities, OSU, BRGM

8

Programs (UE, ANR, INSU,
ADEME, région)

~ 500 k€

SOERE

3.5

Total of the funded proposal during
time period 2008-2018

III Project for 2018-2023
III.1 Scientific project
In the first previous 10 years of the Larzac observatory (created in 2008), most of the studies have
been almost exclusively focused on the development of the use of geodesy (tilt, gravity) in karstic
hydro-geology combined with “classical” geophysical imaging (ERT, MRS, active seismic) with
promising results (~ 10 publications).
During the next five years, the scientific questions of the Larzac team will range from karstic geodesy
to vadose zone geophysical monitoring including passive seismology, Self Potential and ERT. The
objective is to propose, to the critical zone community, a set of geophysical methods to monitor the
vadose zone: a “vadose hydro-geophysical monitoring system”. The proposed scale of investigation
is in a first attempt the “observatory” scale (100 * 100m) to validate the methodology. It means that
the development of the “vadose hydro-geophysical monitoring system” should be used at a
catchment scale in a near future. The “vadose hydro-geophysical monitoring system” includes by
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definition a modeling part to include various (not only geophysical) measurements in one
framework.
The Larzac team scientific question progress in a more general way to enhance the potential transfer
of knowledge (not only gravity but hydro-geophysic) towards socioeconomic society or other hydrogeological sites (not only karst) in France (OZCAR) or in Europe (ITN Enigma).
III.2 Parameters and data
The current data acquisition (gravity, flow and hydro-meteorological) needs to continue, as
there are reference data (1) for long term monitoring of the karstic groundwater resource in the
Mediterranean area. The karst groundwater resource is significant in the Mediterranean area, which
is one of the hot spot of the climate change. The current data acquisition (focused on the water
mass balance including the groundwater and the vadose zone) in a karstic site (not limited to the
chemical and flow at the spring outflow of a catchment) is uncommon and will provide
complementary information about the relation between climate changes, surface and vegetation
changes and groundwater quantity or quality changes.
The current data acquisition is also needed (2) to quantify the water mass balance for
numerical simulations. To develop a “vadose hydro-geophysical monitoring system” based on
spatially distributed observations, one need a reference point to validate the methodology which
could be the Larzac site. The new planned observations (SP, dissolved gases and seismological noise)
will complement the current observations. It is well known that the gravity or geodesy observation
are integrated measurements with no resolution in depth and not sensitive to fluxes (only to
saturation). The seismological noise method could add some resolution in depth (investigation
depth increases with wavelength) and self potential methods could add some information about
the fluxes of water and mater in the ground.
III.3 Expected impact of results
As explained before, the seismological noise method improves the depth resolution. If the
seismic method is successful, the combined use in a numerical model of MRS, gravity and seismic
will constrain the change of the mass balance (gravity), the total amount of groundwater (MRS) and
the depth (seismic) in the vadose zone. Moreover, the seismic methods (from the first unpublished
results) is probably also sensitive to the amount of water in the fracture. As the gravity is mainly
sensitive to the water in the matrix, one could separate both fracture and matrix processes. Such
an approach may be relevant to other hydro-geological context (such as the Ploemeur or Hyderabad
sites) and not only to karstic catchments. Following the combine use of seismic and gravity, one
could include the tilt measurements sensitive to fracture loading (Lesparre et al., 2017) and the self
potential sensitive to flow and/or change in the flow (Roubinet et al. 2016).
III.4 Interdisciplinary and international collaborations
The planned collaborations will continue at the Larzac site for the development and validation
of new gravity sensors including commercial partners (Muquans) and the university of Luxembourg
(O. Francis) where a former Larzac team PhD student (B. Fores) will start a post-doc in a few months.
The development of the quantum gravimeter (PhD A.-K. Cooke ITN Enigma), once validated,
includes, within the ITN project ,some experiments at the LSBB site and at the HOBE observatory
(Denmark).
The current collaboration with the university of Liège will evolve: N. Lesparre has now a
permanent position at the Lyghes Lab. at Strasbourg; D. Roubinet has a permanent position at the
Geosciences Montpellier Lab. The Liege collaboration (Prof. F. Nguyen) will focused on the ERT
imaging and the monitoring of fractures with ERT data. F. Nguyen and N. Lesparre are expert on ERT
data inversion and D. Roubinet is an expert on Discrete Fracture Network simulation. The synergy
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between the Larzac site (where the data come from) and the “ERT” team will allow progress in the
direct inversion of fractures properties from ERT measurements.
Following the recent national funding of the University of Montpellier (iSite MUSE), an
interdisciplinary proposal has been submitted about the distributed evaluation of the evapotranspiration and the carbon fluxes by both satellites and eddy-correlation measurements in
different contexts (vinegard, karst and grass, karst and forest). The iSite MUSE provides a dynamic
environment for interdisciplinary initiatives including the Larzac site.
III.5 Collaborations with H+/OZCAR teams
At the Larzac site, methodological studies about the use of seismic noise measuremens, in
collaboration with S. Pasquet / L. Bodet (Metis, Univ. Paris 6), are planned. One originality of the
project is to compare and to combine active and passive seismic methods. Depending on the
funding, self potential experiments are also planned in collaboration with D. Jougnot (Metis , Univ.
Paris 6).
At the Larzac site, dissolved gases and chemistry collaborations with V. De Montety (HSM, Univ.
Montpellier) and the BRGM will continue. One idea is to combine as close as possible the chemistry
and the geophysical measurements.
The Larzac and the LSBB teams will continue to collaborate. The collaborations basis is the
extrapolation of one method to another karst (Vaucluse karst versus Larzac karst). It generaly
includes the same type of experiments in both sites. As an examples, the Larzac has installed in July
2018 2 GPS to monitor the deformation. And the seismic method developed by the Larzac team is
currently used at the LSBB by a A. Haned (post-doctoral funding from Languedoc-Roussillon région).
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Annex 4: Scientific report and prospective project for the LSBB site
I. Description of the Observation System
I.1 Scientific questions addressed with the site
Karst is a complex medium with multi-scale heterogeneity. Water flow pathways are present
throughout the entire medium, from rock matrix to fractures and karst features. The hydrodynamic
role of these water pathways is still poorly understood and water flow regulation within karst
hydrosystems remains an important issue. On one hand, karst hydrosystems have high permeability
because a large amount of water moves quickly through karst conduits and rapid pressure transfer
occurs. On the other hand, karst hydrosystems provide an important buffer effect because spring
discharge remains high even during long dry periods, as at the Fontaine de Vaucluse spring in France.
The Low Noise Underground Laboratory (LSBB) (http://lsbb.eu/) is located within the unsaturated zone
(UZ) of the Fontaine de Vaucluse (FdV) karst aquifer. This karst hydrosystem with a catchment area of
about 1115km2 is one of the most important European karst aquifers.
The LSBB provides a direct access to the UZ. It thus offers a privileged background to address the
following scientific questions:
1. What is the role of the UZ in flow regulation and in the capacitive function of karst aquifers?
How do these behaviors relate to the geological facies and to structural features?
2. Can we assess the UZ flow regulation and functioning by long term hydrodynamic and
hydrochemical / isotopic monitoring? How do these variables behave in response to climatic
changes?
3. Which combination of geophysical tools is the most relevant for imaging the structure and the
functioning of UZ?
4. Does long term monitoring and/or high frequency acquisitions of hydro-geo-physical
parameters can provide sufficient information to develop a conceptual model of the karst
aquifer UZ and constrain the associated hydrodynamic modeling? In which spatial and
temporal scales?

Figure 1. Conceptual sketch of karst structure showing the Fontaine de Vaucluse hydrosystem and the
Low Noise Underground Laboratory of Rustrel (LSBB) (Carrière et al., 2017)
I.2 Description of the infrastructure
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LSBB, is a nearly horizontal underground passageway, originally dug for military purposes and
converted to a research laboratory in 1997 (Fig. 1). It is located within the Fontaine de Vaucluse
hydrosystem karst unsaturated zone (UZ), in the village of Rustrel. The rock cover over the passageway
ranges in thickness from 0 to 519 m due to the steep topography of the mountain in which the LSBB
was dug. Saturated zone of the karst system lies approximately at 400 m beneath the LSBB. The 3.8km-long passageway crosses the karst medium and arbitrarily intersects faults and karst networks. As
a result, the passageway also intersects some flow paths in the UZ.
Since 2003, more than 61 flow points have been identified and studied by UMR EMMAH. Three of the
flow points are permanent; the remaining 58 are temporary. Flow point depths range between 33 and
440 m. A long-term, bimensual monitoring of the hydrodynamic, hydrochemical and isotopic properties
of the three permanent and few temporary flow points is performed. Around these water flows, several
hydrogeophysical experiences have been also conducted.
The LSBB site is a part of the Bassin de Recherches, Expérimentations et Observations de Fontaine de
Vaucluse – LSBB (BREO FdV-LSBB) (LTER-France). Research experimentations and observations are
conducted at two spatial scales. At the LSBB scale, we led metrological, fine process-based
methodological approaches and measuring experiences. At the FdV aquifer scale, we conducted mainly
vulnerability assessment, hydrodynamic and recharge modeling research actions. The hydrogeological
activities in the LSBB site are part of the H+ Network since 2012 and are leaded by the UMR EMMAH
karst hydrogeologists.
The LSBB laboratory joined several strategic European (FEDER, ITN, etc) and National (EQUIPEX, ANR,
PACA region, etc) projects and part of European and National research networks. Many industrial
projects are also hosted by this site.
I.3 Scientific PI and core team in charge of the observatory
PI (since 2015): Konstantinos CHALIKAKIS (Ass. Professor)
UMR 1114 EMMAH (INRA-UAPV), Avignon University, Department of Hydrogeology
Researcher ID: http://www.researcherid.com/rid/K-1503-2013
Sum of publications (Web of Sciences – July 2018): 23
Sum of time cited (Web of Sciences – July 2018): 366
H-index (Web of Sciences – July 2018): 13
Core team in charge of hydro-geo-physical observations:
Charles DANQUIGNY –previous PI of the site for H+ (Ass. Professor – UMR EMMAH, since 2016 placed
at TOTAL's disposal)
Christophe EMBLANCH (Ass. Professor – UMR EMMAH)
Naomi MAZZILLI (Ass. Professor – UMR EMMAH)
Elisabeth POZZO DI BORGO ((Ass. Professor – UMR EMMAH)
Milanka BABIC (Eng. In Isotopic analysis)
Roland SIMLER (Eng. In Hydrochemical analysis)
LSBB supporting team:
Stephane GAFFET (Director of LSBB)
Daniel BOYER (adj. Director of LSBB)
Alain CAVAILLOU (Eng. )
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Jean Baptiste DECITRE (Eng.)
I.4 Position in international scientific context
The originality of the site compared to other sites in karst area is based on the following strengths:
1. direct access to karst aquifer UZ. In karst aquifers, most hydrogeological investigations /
observations of the infiltration zone are usually performed through speleological accesses
(caves). They thus mainly concern well-organized flow paths. As the LSBB tunnel arbitrarily
comes across the karst medium and the fault networks, it intersects UZ flow paths from the
matrix, fissures and small dimension karst conduits.
2. long-term hydrodynamic, hydrochemical and isotopic recording at several permanent and
temporary UZ flows points . Long-term records are necessary to assess pluri-annual response
of karst medium to force and address the climate change topic. Investigation of water-rock
interactions is also made possible by the nature of the measured variables.
3. geological and hydrogeological knowledge stemming for monitoring conducted at depth. This
knowledge directly benefits of the multi-scale geophysical investigations and experimentations
conducted at the surface site. Additionally, LSBB access also enables development of innovative
surface to depth geophysics methodological approaches.
4. presence of two triplets of boreholes at the surface of the LSBB (since 2015). First triplet of
three boreholes (50 m depth, 18m equidistance) constitutes the Buissonniere platform.
Buissonniere boreholes are located on both sides of the LSBB tunnel close to a permanent
flow point (33m depth). On Gavotte platform, the second triplet of boreholes (18m
equidistance) reaches greater depth (two 100-m depth and one 400-m depth wells). The
deeper, 400m-deep borehole reaches the saturated zone.
I.5 synthesis
Scientific questions
What is the role of the UZ in flow
regulation and in the capacitive
function of karst aquifers? How
do these behaviors relate to the
geological facies and to structural
features?

Challenges
> Poor understanding of UZ
hydrogeological functioning

Can we assess the UZ flow
regulation and functioning by long
term hydrodynamic and
hydrochemical / isotopic
monitoring? How do these
variables behave in response to
climatic changes?

> Acquisition frequency

Which combination of geophysical
tools is the most relevant for
imaging the structure and the
functioning of UZ?

> time and spatial scales

Surface to depth measurements

>resolution

Cross validation with geological,
geotechnical and hydrogeological
data

Does long term monitoring and/or
high frequency acquisitions of
hydro-geo-physical parameters
can provide sufficient information
to develop a conceptual model of
the karst aquifer UZ and constrain
the associated hydrodynamic

>time and spatial scales

> Quantification of water storage
within the UZ

>Identification of key
parameter(s)

> validation of the inversion

>transfer function
> key parameters

Opportunity offered by the site
Direct access to the UZ.
LSBB tunnel gives access to lowhierarchized UZ flow paths

Permanent and temporary flow
points within the LSBB tunnel.

Permanent and temporary flow
points within the LSBB tunnel.
Hydrogeophysical monitoring
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modeling? In which spatial and
temporal scales?

II Report of activities 2008-2018
II.1 Scientific contributions (period 2008-2018)
Research activities of the hydrogeological teams at the LSBB site demonstrated the importance of UZ
structure and functioning in the karst aquifers flow regulation and capacitive functions. In addition,
several methodological approaches have been developed to image this karst compartment.
The acquired results and the related 12 publications (published and submitted) highlight the potential
of the hydro-geo-physical investigations at LSBB site. Geological structures and facies identified through
the development of innovative methodological approaches and measuring techniques may play a
major role in water flow regulation. A conceptual schema of karst aquifers UZ was also developed based
on these research results.
New boreholes drilled at the surface validated the hypotheses on UZ structure. Research perspectives
using these new infrastructures will allow a better characterization of the UZ hydrodynamic behavior.
The conceptual schema lays the foundation for future works of hydrodynamic modeling in karst UZ.
Five representative publications
Articles (authors,
journal)

year,

title,

Brief description (main scientific
breakthrough)

Dataset used

Lesparre N., et al., 2017. News
insights on fractures
deformation from tiltmeter
data measured inside the
Fontaine de Vaucluse karst
system. Geophysical Journal
International, doi:
10.1093/gji/ggw446

The influence of water level
variations on the tilt by a
fracture located at the
interface between the
unsaturated and the saturated
zone.

long baseline tiltmeters
installed within the LSBB,
rainfall data, outlet data.

Carrière S.D., et al., 2016. The
role of porous matrix in water
flow regulation within a karst
unsaturated zone: an
integrated hydrogeophysical
approach. Hydrogeology
Journal, doi: 10.1007/s10040016-1425-8

The influence of water flow
within the porous rock matrix
on the UZ hydrogeological
functioning at both the local
(LSBB) and regional (Fontaine
de Vaucluse) scales

MRS data, ERT monitoring,
hydrodynamic monitoring

Carrière S.D., et al., 2013.
Combining electrical resistivity
tomography and ground
penetrating radar to study
geological structuring of karst
unsaturated zone. Journal of
Applied Geophysics. Doi:
10.1016/j.jappgeo.2013.03.014

The efficiency and
complementarity of a light
package of geophysical
techniques to study the
structure of karst Unsaturated
Zone (UZ).

ERT and GPR data

Blondel T., et al., 2010. Transit
Time Environmental Tracing
from Dissolved Organic Matter

DOM fluorescence signals to
develop a transit time

Total Organic Carbon (TOC) and
hydrochemical data.
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Fluorescence Properties in
Karstic Aquifers. Application to
Different Flows of Fontaine de
Vaucluse Experimental Basin
(SE France). Advances in
Research in karst media –
Environmental Earth Sciences.
Doi: 10.1007/978-3-64212486-0_22

quantitative tracer in
heterogeneous hydrosystems.

Garry B., et al., 2008.
The role of artificial galleries to
Contribution of artificial
karst system understanding.
galleries to the knowledge of
karstic behavior in addition to
natural cavern data.
International Journal of
Speleology. Doi: 10.5038/1827806X.37.1.7

Hydrochemical and
hydrodynamic data.

II.2 PhD students (period 2008-2018)
The main PhD students that have worked on the site in relation to the hydrogeological observations are
listed below:
Name of PhD student

Topic

Current position of PhD student

LÁZARO ROCHE IGNACIO (in
progress)

Design and Construction in situ
testing of a muon camera for
Earth science and civil
engineering applications,

PhD in progress

CARRIERE SIMON DAMIEN
(2014) (Avignon Univ.)

Hydrogeophysical study of
karst unsaturated zone
structure and functioning

Post doc in hydrogeophysics

SABRINA DEVILLE (2013)
(Montp. Univ.)

Characterization unsaturated
zone of karsts by gravimetry
and hydrogeological

Freelancer in Hydrogeology

BARBEL PERINEAU-DAWN
(2013) (Avignon Univ.)

Characterization of the
operation of the unsaturated
zone of karst aquifers - Direct
approach by hydrodynamic
and hydrochemical studies
Research Basin,
Experimentation and
Observation of Fontaine de
Vaucluse, BREO EOL-LSBB,
University Avignon and the
Vaucluse, PACA funding and
Water Agency RM & C 16.

High School Professor

BERES JAN (2013) (Paris Sud
Univ.)

Characterization of the
anisotropy of a carbonate
platform karstified: seismic and

Assistant Professor
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electrical joint methodological
approach, Université Paris-Sud
Thibaut Blondel (2008)
(Avignon Univ.)

Tracing soatial and time of
groundwater in karst water
systems by dissolved organic
matter - Experimentation and
application on the
Underground Laboratory of
Low Noise sites (LSBB) Rustrel,
Pays d'Apt and of Fontaine-deVaucluse

Engineer in Hydrogeology

II.3 Main datasets available on the site
See http://hplus.ore.fr/en/lsbb/data-lsbb and google Earth interface
http://hplus.ore.fr/documents/lsbb.kmz
Type of data
Hydrodynamics
Hydrochemistry

Scientific interest and
uniqueness
Flows within the UZ
Flows within the UZ

Data on H+
database ?
Yes
Yes

Seismic

Above and within the UZ

No

Magnetic

Within the UZ

No

ERT
MRS
Gravimetry
Tiltmeter
Local rainfall data

Above a water flow point
Above a water flow point
Above and within the UZ
Within the UZ
Local scale

No
No
No
Yes
No

Link to dataset80
Flow measurements in tunnel
Physicochemical parameters
Ion concentration
http://lsbb.eu/observations/serveurde-donnees/
http://lsbb.eu/observations/serveurde-donnees/
Data format under validation
Data format under validation
to be inserted
Continuous tiltmeter data
Under construction

II.4 Use of data by external teams
Team

Period

Scientific objectives

Dataset

Larzac H+ Team

20082018

Local scale modeling

Gravity,
hydrogeological data

Ploemeur H+ team

20102018

Local scale modeling

Gravity,
meteorological,
hydrogeological data

Pau University

20122018

GPR, ERT and MRS comparison

MRS,ERT, hydrogeological data

Orsay University

20082013

ERT and seismic comparison

Geological data

Paris 6 University

20152018

Comparison of MRS and seismic

MRS, ERT, hydrogeological data

Tiltometer,

80

Click on URL links to access data and use login and password provided to the scientific committee. For downloading pdf
files from the excel data sheets, please add the path http://hplus.ore.fr/documents/ in front of the URL address. For
instance change “ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf” to
“http://hplus.ore.fr/documents/ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf”
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Industrial
and
socioeconomic
(decision
makers)
partners

20152018

Structure and functioning of the
Urgonian limestone reservoir.

Geological and hydrogeological
data

II.5 Development of innovative experimental or measurement methods.
The most innovative and experimental or measurement methods developed at LSBB site, from the
hydrogeological point of view, are:
1. Extraction of sap from Mediterranean trees and measure of their isotopic parameters. These
experimental measurements were used to develop a process-based vegetation model that
improved karst recharge estimates.
2. Continuous, automatic hydrodynamic and physical measurements for the permanent water
flows within the LSBB are in the final steps of development. It is a very challenging task due to
multiple technical issues, but also a necessary step that will allow high frequency data
acquisition and real-time observation.
3. Surface to depth continuous gravity and passive seismic methods are being installed for
continuous measurements. They will allow better hydrogeological model constraint at different
scales.
4. The two triplets of boreholes are unique in this hydrogeological conditions. Both platforms were
designed based on hydrogeological scientific results and issues. These infrastructures allow
future innovative methodological experiments.
II.6 Collaborations with H+ teams
(1) Since 2008, a fruitful collaboration with the Larzac team is developed (3 papers published). The
collaboration is based on the karst object from the process at the local scale to the basin scale.
MRS, tiltmeters and gravity experiments have setup in both H+ sites (LSBB and Larzac). The LSBB
team developed methodologies (MRS, ERT,…) complementary to the Larzac team (gravity,
seismology, …). The collaboration between LSBB and Larzac teams allow the combined use of
different geophysical methods. The collaboration is going on with, as an example, the
installation by the Larzac team of two GPS in the LSBB site to monitor in detail the deformation
seen in the long-base tiltmeter.
(2) A collaboration with H+ Ploemeur team is ongoing. The Ploemeur team have a relevant
experience in gravimetry. Both the LSBB team and the Ploemeur team collaborate in the
gravimetry data inversion and building a related hydrodynamic model at the LSBB site scale and
at the FdV scale. Additionally, the developed MRS methodology at the LSBB will be tested at the
Ploemeur H+ site.
(3) A collaboration is developed with the H+ associated team METIS (Univ. Paris 6). Combined MRS
and Seismic tests experiences took place at the LSBB site. New measurements will follow.
II.7 Link with models
(1). Analysis of the underground iOSG-24 gravity time series together with hydro-meteorological
data and basic gravity modelling. It seems that the gravimeter recorded the redistribution of water
in the ground and that most of this redistribution occurs in the UZ located above the gravimeter.
Nevertheless, residuals between the model and the gravity data suggest the occurrence of large
lateral fluxes and rapid runoff not considered in our model. The setting of a second SG, planned in
July 2018, at the surface of the LSBB could help unravelling such hydrological processes.
(2). Development of a process-based vegetation model based on the CASTANEA platform to improve
water transfer in the higher horizon of the karst system and recharge simulations. Effective
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infiltration was computed with CASTANEA or with a classical balance approach. We then compared
both simulation results with outflow data measured at 33 m below ground. Significant differences
between the two calculation methods were observed, up to 200 % of annual recharge in the case
of a very dry year. The comparison of modelled effective infiltration with outflow data indicates an
improved assessment of the temporal dynamics of water recharge in this karst system using
CASTANEA, as compared to a more classical approach. This approach constitutes a promising way
to improve the simulation of karst hydrosystem recharge.
II.8 Scientific animation
 The LSBB site contributes to the H+ network scientific animation.
 The LSBB site is an international reference for low electromagnetic noise measurements.
 EMMAH’s karst hydrogeologist team has two permanent members in the CDST (Conseil de
Direction Scientifique et Technique) of the LSBB laboratory.
 LSBB laboratory organizes the i-DUST (inter-disciplinary underground sciences and
technologies) international conference every two years.
 Strong links are weaved with socioeconomic decision makers and international industrial
partners, that are co-funding several research activities.
II.9 Average annual budget
Since 2012, maintenance and long-term monitoring (hydrodynamics, hydrochemistry, isotopic) are
co-funded each year by H+ network and the Avignon University. The average annual budget is
around 16K€.
Equipment acquisition such as MRS, EM 31, packers injections, and divers dataloggers are co-funded
by the PACA Region, socioeconomic partners and industrial projects. The total amount of the
equipment is approximately 500K€. Their experimentation and field data acquisition are also cofunded by industrial and national research projects. The H+ network funding allowed several
measuring experiments.
Acquisition and installation of long-term geophysical equipment such as tiltmeter, gravimeters and
seismic sensors are funded mainly by two national EQUIPEX project: MIGA and CRITEX. The total
amount is about 500K€.
Infrastructure development (boreholes) were financially supported by industrial projects (~200k€).

Average annual Budget (2008-

expenses

2018)

Total (k€)

travel costs

7

Consummables

7

temporary staff

10

Equipment

~1000

Total of the instruments acquired
during time period 2008-2018

resurces

TOTAL
INSU SO

4

Universities, OSU, BRGM

20

Programs (UE, ANR, INSU, ADEME,
région)

~1000

SOERE

4

Total of the funded proposal
during time period 2008-2018
(industrial projects included)
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III Project for 2018-2023
III.1 Scientific project
In the last years, hydrogeological research activities in the LSBB made way towards a better
understanding of karst aquifer UZ functioning. However, even though key geological structures were
identified, details of their hydrodynamic functioning remains unclear. Taking into account the
complexity of the processes governing the UZ and progresses in methodological measuring approaches
at the LSBB scale, efforts need now to be directed towards high frequency observations and their
analysis (during intense rainy events, tunnel construction, etc…).
In the next five years, the hydrogeological research activities in the LSBB will focus on two main
axes/scientific questions:
1. Hydrodynamic role of the previously identified UZ geological structures in order to improve
conceptual functioning model.
2. Identification of key hydro-geo-physical parameters for hydrodynamic modeling.
To achieve these goals, the late and ongoing hydrogeological and geophysical acquisitions by the
measuring f platforms, as the new facilities and infrastructures build in the LSBB (boreholes at the
surface and new tunnel), will be used. The new LSBB’s tunnel construction will start at the end of 2018
and proceed until the middle of 2019.
III.2 Parameters and data
Long-term monitoring:
 Hydrodynamics, hydrochemistry and isotopes: flow processes in karst system may exhibit
hysteretic behaviors associated with long characteristic time scales. One-year hydrological
cycles (i.e. from September to August) are thus insufficient to grasp karst flow behavior. Long
term monitoring of, at least, the permanent water flows will thus be undertaken in a more
automatic way, allowing a higher frequency of observations. Hydrodynamic monitoring of the
two triplets of boreholes is ongoing. During the new LSBB’s tunnel construction, water flows
that could occur, will be also sampled and analyzed. The influence of this construction on the
existing water flows needs to be followed precisely.
 Geophysical monitoring (surface to depth): will include seismic, magnetometry, gravimetry,
titlmeter and high precision GPS sensors. These equipments are already installed and
operating, apart from the superconductive gravimeter which will be installed in September
2018. They allow high-frequency monitoring of karst media deformation before, during and
after the new tunnel construction.
 Rainfall and environmental data: in situ online data allowing better interdisciplinary data
comparison.
Main measuring experiences:
 Several hydrodynamic tests (pumping and injection) will be experienced at Buissonniere
platform, with the objective to determine the hydrodynamic properties associated with the
different geological facies.
 Magnetic Resonance Sounding, active and passive seismic, muons densitometry and ERT
experiences will be performed to assess key geophysical properties for UZ flow
characterization.
III.3 Expected impact of results
In parallel to the research activities at the LSBB scale, several projects are undertaken at the FdV
catchment scale since 2016. These ongoing projects are funded by industrials and socioeconomics
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partners. They combine hydrogeology, geology, speleology, tectonics, forestry, remote sensing, and
socioeconomics approaches. Several international and national industrial and institutional partners are
involved. The results of these integrated multidisciplinary approaches will allow a downscaling into the
LSBB scale observations. Conversely, LSBB observations will allow a better understanding of the leading
processes at the catchment scale.
The scientific insights from the LSBB site will be directly compared to the Larzac H+ site. Due to the
geological and hydrogeological complementarity of the two H+ network sites, exchanges of measuring
methodologies and UZ governing hydrogeological processes are expected.
III.4 Interdisciplinary and international collaborations
Several international and national industrial and institutional partners are involved in the current
research projects. These partnerships will continue until at least 2020. New industrial projects are
already submitted.
Based on the research dynamics at the LSBB laboratory and the FdV area, Avignon University initiated
the procedure for the creation of a national research observatory (OSU). This OSU would include the
BREO FdV-LSBB perimeter. It would be a powerful tool to promote interdisciplinary observations.
III.5 Collaborations with H+/OZCAR teams
 Collaboration with the Larzac H+ team will continue. Incoming knowledge from tiltmeter, GPS
and gravimetry measurements will allow better data treatment and interpretation. On the
other side, hydrogeophysical (MRS and ERT) and karst hydrogeology expertise will be shared
to improve measuring experiences and hydrogeological interpretations for the Larzac site.
 Collaboration with Ploemeur H+ team will also continue for hydrodynamic modeling using
geodetic tools. In addition, MRS experiences from the LSBB H+ team are planned for the
Ploemeur site.
 A new project leaded by the postdoc researcher (Sylvain Pasquet) of OZCAR is being developed
and funded for the next two years (until end 2019). The novel muon densitometry
measurements will be coupled with state-of-the-art geophysical methods and continuous
hydrological and meteorological measurements to monitor the hydrodynamics of the karst
aquifer UZ.
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Annex 5: Scientific report and prospective project for the Hyderabad site
I. Description of the Observation System
I.1 Scientific questions addressed with the site
The hydrogeology of crystalline-rock aquifers has been hotly debated for decades, especially the
origin of permeability and porosity (St. Clair et al., 2015). The question of the heterogeneity of
hydrodynamic parameters has been another issue (Gustafson and Krásný, 1994). Where hardrock is
exposed to deep weathering, the international community since the nineties has converged to a
hydrogeological model where aquifer properties are controlled by the weathering profile (Taylor
and Howard, 1999; Wright, 1992). The commonly accepted conceptual model considers a shallow
weathered and permeable layer composed of saprolite and fractured rock (Wyns et al., 2004;
Particular attention should be paid to this “critical zone” (weathered/fractured part of the aquifer)
above the fresh and low-permeable basement where horizontal groundwater flow and transfer
processes mainly occur.
The hydrogeological characteristics of the fractured layer are then of primary importance. How
heterogeneous is it? Is the fractured rock isotropic? Is the aquifer connected or highly
compartmentalized at the basin scale? Can it be modelled with standard models? Is a discrete
fracture network approach necessary? What is the impact of fracture distribution on recharge
processes and transport properties?
The Hyderabad observatory was created to improve our understanding of hydrogeological
processes in crystalline-rock aquifers under global climatic change, including transfer processes and
hydrochemical cycles in order to improve the above conceptual model. Several techniques have
been used in order to: (i) Characterize the hydrodynamic properties of the crystalline aquifer
according to weathering profile structure; (ii) Improve the understanding of various hydrological
components of the water cycle in irrigated areas at the watershed scale; (iii) Identify the impact of
fracture orientation and distribution on recharge processes by monitoring infiltration basins; and
(iv) Follow-up any cropping pattern changes and their influence on groundwater.
I.2 Description of the infrastructure
The geology of the area is quite homogeneous and mainly composed of Archean granites with
remains of old and more recent weathering profiles. Many geophysical investigations helped in
characterizing the geometry of the weathering profile (Kumar et al., 2007) and recent results
describe a typical vertical profile constituted by the following layers having their own specific
hydrogeological properties (Dewandel et al., 2006). From top to bottom:
- Saprolite, a clay-rich material, derived from prolonged in situ weathering of bedrock, a few tens of
meters thick where the layer is not eroded. Saprolite layer has a low permeability and a high
drainage porosity. Once saturated, saprolite contributes to the storage capacity of the aquifer.
- A fractured layer, generally characterized by several horizontal fractures in the first few meters
(Maréchal et al., 2003) and a depth-decreasing density of fractures (Maréchal et al., 2004). This
layer mainly ensures the transmissive function of the aquifer and is tapped by most of the wells
drilled in crystalline rock aquifers.
- The fresh basement has no primary permeability neither porosity. It is permeable only locally in
tectonic fractures.
Two experimental sites near the city of Hyderabad have been investigated and each site provides
specific input. The research activities on the first one, Maheshwaram watershed, allowed dealing
with crystalline rock hydrogeology at the catchment scale with the impact of high rural anthropic
activities. On the second one, the Experimental Hydrogeological Park of Choutuppal, the main
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scientific questions were tackled at local scale (borehole scale) to enhance the understanding of
local hydrodynamic and transport processes.
The Maheshwaram watershed (53 km²) is located 35 km south of Hyderabad (Figure 1a, Telangana
State, India). The area is characterized by a flat topography (590 to 670 m asl). The climate of the
region is semiarid and controlled by the periodicity of the Monsoon (rainy or "Kharif" season from
June to October). Average annual rainfall is 750 mm, out of which more than 90 % falls during the
Monsoon period. The average annual temperature is 26 °C, reaching 45°C during "Rabi" season from
March to May. The resulting potential evapotranspiration (PET) is 1,800 mm/year. Surface streams
are not perennial and flow a few days a year during the monsoon.

Figure 1. (a) Maheshwaram watershed with location of pumping borewells for irrigation (July 2002), (b) EHP
(0.55 km²) site near Choutuppal village, with two clusters of monitored borewells: 30 borewells dedicated to
hydrodynamic experiments at local scale and 4 borewells focus on the impact assessment of the nearby artificial
recharge tank.

The characteristics of Maheshwaram watershed are quite representative of Southern India
hydrogeological conditions with (i) a highly pumped crystalline aquifer (more than 700 borewells),
(ii) a cropping pattern dominated by paddy fields and (iii) a rural socio-economy mainly based on
traditional agriculture. Water table faces a long-term decline (now 15 to 25 m deep) that induces
the drying-up of springs and streams.
The Experimental Hydrogeological Park (EHP, 0.55 km²) is located near Choutuppal village in
Telangana state (Figure 1b), 60 km southeast of Hyderabad. At a regional scale, these granites are
locally intruded by quartz veins or dolerite dykes which have been the topic of particular
hydrogeological investigations ((Chandra et al., 2010) Dewandel et al. 2011; Perrin et al. 2011a).
Such discontinuities are not present on EHP. Thirty boreholes were drilled at different depths and
cross cut the weathered profile down to the fresh bedrock (Table 3). The site is located on the
campus of the local partner NGRI and is dedicated to research activities. The site is equipped with
sensors allowing a complete monitoring (groundwater level and climate) as well as punctual
experiments.
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I.3 Scientific PI and core team in charge of the observatory
PI: Jean-Christophe Maréchal (Head of NRE research unit)
Institutions: BRGM, France
JC. Maréchal is an experienced hydrogeologist specialized in crystalline and karst aquifers, with a
strong knowledge in hydrodynamics and modeling applied to such complex aquifers. Since more
than 15 years, he has been participating to the development of methodologies and tools specifically
devoted to the survey, management, protection of these specific aquifers, through several research
or operational projects, in France (Massif central, Mediterranean karsts), French overseas
departments (French West Indies) and abroad (India, Africa). These methodologies are mainly based
on a multidisciplinary approach (geology, geophysics, hydrodynamics, hydrochemistry, database,
modeling, etc.), with an emphasis on a strong geological component (lithology, weathering). Models
are mainly devoted to the assessment of global changes on groundwater resources.
Relevant publications
• Maréchal, J.C., Dewandel, B. & Subrahmanyam, K. 2004 : Use of hydraulic tests at different
scales to characterize fracture network properties in the weathered-fractured layer of a hard rock
aquifer, Water Resources Research, 40, 11, W11508, doi:10.1029/2004WR003137.
• Maréchal, J.C., Dewandel, B., Galeazzi, L., Bournet, G. & Ahmed, S.. Combined estimation of
specific yield and natural recharge in a semi-arid groundwater basin with irrigated agriculture.
Journal of Hydrology, 329(1-2), 281-293. doi:10.1016/j.jhydrol.2006.02.022
• Boisson, A., Guihéneuf, N., Perrin, J., Bour, O., Dewandel, B., Dausse, A., Viossanges, M.,
Ahmed, S., Maréchal, J.C. (2015) - Determining the vertical evolution of hydrodynamic parameters
in weathered and fractured south Indian crystalline-rock aquifers: insights from a study on an
instrumented site. Hydrogeology Journal 23(4). DOI 10.1007/s10040-014-1226-x
• Dewandel, B., Caballero, Y., Perrin, J., Boisson, A., Dazin, F., Ferrant, S., Chandra, S., Maréchal,
J.C., 2017 - A methodology for regionalizing 3-D effective porosity at watershed scale in crystalline
aquifers - Hydrological Processes. 2017;1–19. DOI: 10.1002/hyp.11187
Name

Organization

Position

Shakeel Ahmed

NGRI, Hyderabad, India

Chairman of the Indo-French
Center

Adrien Selles

BRGM, Hyderabad, India

Chairman of the Indo-French
Center

Benoît Dewandel

BRGM, Montpellier, France

Senior Scientist

Subash Chandra

NGRI, Hyderabad, India

Senior Scientist

Mohammed Wajiddudin

NILO Service Hydrogeology

Technician

Marion Crenner

BRGM, Hyderabad, India

VIE, field investigator

I.4 Position in international scientific context
The originality of the experimental site is that it is located in a crystalline rock aquifer under tropical
arid climate. The high stress on water induces a high level of groundwater exploitation for irrigation
and significant variations of water levels according to monsoon effects. The very large number of
wells can be used for water level measurements or water sampling and allows the establishment of
very accurate piezometric maps that can be used for water table fluctuation budgeting.
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Wells drilling being very cheap, it has been possible to establish a highly dense network of wells on
the experimental site of Choutuppal, in order to conduct hydraulic tests and tracing experiments
between wells in fractured crystalline aquifer.
I.5 synthesis
Scientific questions
Hydrodynamic and transport
characteristics of the fractured
crystalline rock

Challenges
Dealing with the heterogeneity of
characteristic scale effects

Opportunity offered by the site
Opportunity to drill plenty of wells
in order to conduct experiments

Estimation
of
hydrological
components of the water cycle in
irrigated areas at the watershed
scale

Semi-arid conditions (challenging
the estimation of natural recharge)

High density of wells at the
watershed scale (1000 wells on a
50 km2 basin).

Estimation of managed Aquifer
Recharge solutions

Impact of aquifer heterogeneity of
recharge process

Opportunity to drill wells for
groundwater mound monitoring

Follow the cropping patterns
changes and their influences on
groundwater.

Highly and quickly changing
cropping patterns due to high
adaptability of farmers

Sentinel 1 and 2 missions
programmed with the European
Spatial Agency

The increasing concentration of
Fluoride with time in crystalline
aquifer under intense agricultural
practices

To identify the relationship
between the groundwater overexploitation, the land use and the
fluoride cycle in semi-arid
crystalline environement.

A complete monitoring site with a
large data base over several years.
Possibility to make detailed
experiments (logging, sampling) in
good conditions.

Monsoon dominated climate
allowing the double water table
fluctuation method (Maréchal et
al. 2006)

II Report of activities 2008-2018
II.1 Scientific contributions (period 2008-2018)
During the last decade of research on these observatories, the studies allowed scientific
breakthroughs on the better understanding of the hydrodynamic of the crystalline aquifers. The
study of Guiheneuf et al. (2014) has shown a discontinuous hydrogeological system in Choutuppal
site, which is revealed by low water level conditions. By focusing on fracture network connectivity,
the authors were able to highlight the compartmentalization phenomenon of the hard rock aquifer
depending on the water level fluctuations. The characterization of the hydrodynamic parameters
was estimated at watershed scale in 3D in a recent study (Dewandel et al., 2017). Further results
have described and quantified the vertical evolution of hydraulic parameters on a weathered
crystalline aquifer (Boisson et al.,2015). One additional contribution has been made on
development of water budgeting methodology for percolation tank to assess the impact of
surface/groundwater interactions (Boisson et al.,2015; Massuel et al., 2014).
Another facet of research was focused on quality assessment and the characterization of the solute
recycling impact in irrigated area and the Manage Aquifer Recharge Structures (Perrin et al. 2011;
Pettenati et al, 2013; Alazard et al. 2015). These studies showed the double component of vertical
and horizontal preferential pathways and the decreasing of groundwater quality with the repeating
return flow from the irrigated crops

82

Five representative publications
Articles (authors, year, title,
journal)
Boisson, A., M. Baïsset, M. Alazard,
J. Perrin, D. Villesseche, B.
Dewandel, W. Kloppmann, S.
Chandra, G. Picot-Colbeaux, S.
Sarah, S. Ahmed, and J.C. Maréchal.
2014. Comparison of surface and
groundwater balance approaches
in the evaluation of managed
aquifer recharge structures: Case of
a percolation tank in a crystalline
aquifer in India. J. Hydrol. 519(PB):
1620–1633. doi:
10.1016/j.jhydrol.2014.09.022.

Brief description (main scientific
breakthrough)
The authors developed a method
for calculating a local
groundwater budget and
compare it with a computed
surface balance. The method is
applied to a case study in semiarid crystalline context. These
results complement the
understanding of the
hydrodynamic functioning of
percolation tanks, and their
impact on the local groundwater
balance.

Guihéneuf, N., A. Boisson, O. Bour,
B. Dewandel, J. Perrin, A. Dausse,
M. Viossanges, S. Chandra, S.
Ahmed, and J.C. Maréchal. 2014.
Groundwater flows in weathered
crystalline rocks: Impact of
piezometric variations and depthdependent fracture connectivity. J.
Hydrol. 511: 320–324. doi:
10.1016/j.jhydrol.2014.01.061.

The authors showed that,
depending on water table
fluctuations, the aquifer moves
from a regional flow scheme to
independent local flow systems
according to the saturation of the
horizontal permeable fracture
and the basis of the saprolite.

High and low conditions water
levels from borewells.

Ferrant, S., Y. Caballero, J. Perrin, S.
Gascoin, B. Dewandel, S. Aulong, F.
Dazin, S. Ahmed, and J.-C.
Maréchal. 2015. Projected impacts
of climate change on farmers’
extraction of groundwater from
crystalline aquifers in South India.
Sci. Rep. 4(1): 3697. doi:
10.1038/srep03697.

Downscaled Global Climate
Model data are used to force a
spatially distributed agrohydrological model in order to
evaluate Climate Change effects
on local groundwater extraction.

Satellite images

Pettenati, M., J. Perrin, H. Pauwels,
and S. Ahmed. 2013. Simulating
fluoride evolution in groundwater
using a reactive multicomponent
transient transport model:
Application to a crystalline aquifer
of Southern India. Appl.
Geochemistry 29: 102–116. doi:
10.1016/j.apgeochem.2012.11.001.

A solute recycling model that
includes water/rock interaction

Water sampling

and climatic parameters was used
to assess the processes
controlling Fluoride enrichment
in a crystalline aquifer intensively
exploited for paddy field
irrigation.

Dataset used
Groundwater level in observation
wells
Flooded area delimited by GPS
measurement
Climate data

Water levels in observation wells
during pumping tests.

Water levels measurements.

Groundwater levels
Irrigation discharge

II.2 PhD students (period 2008-2018)
Name of PhD student
Nicolas Guiheneuf

Topic
Flow Structure and transport
properties of fractured and
weathered crystalline aquifers

Current position of PhD student
Resercher at Guelph University
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Sara Qazi

Evaluation
of
groundwater
renewability under polluting
environment and determining its
indicator for planning and
management

Senior Scientist

Madeleine Nicolas

Natural and artificial recharge
processes in crystalline rock
aquifers

Thesis in progress

Adil Mizan

Development of decision support
tool
(DST)
for
sustainable
groundwater management at
Spatial scale

Thesis in progress

Richard Hofman

Joint heat and solute tracer test
inversion

Thesis in progress

II.3 Main datasets available on the site
See http://hplus.ore.fr/en/india/data-india-maheshwaram and
http://hplus.ore.fr/en/india/data-india-choutuppal, and google Earth interfaces
http://hplus.ore.fr/documents/hyderabad_maheshwaram.kmz
http://hplus.ore.fr/documents/hyderabad_choutuppal.kmz
Site

Type of Data

Scientific interest and
uniqueness

Maheshwaram

Piezometric time
series

Hydrogeological monitoring
in hard rock terrain

Maheshwaram

Weather time
series ((Air
temperature,
Humidity, Sun
radiation,
Rainfall,Wind
speed)

Maheshwaram

Maheshwaram

Link to dataset81
Data on
H+
Database
?
YES

Piezometric level
data

YES

Air Temperature
Humidity
Sun radiation
Rainfall
Wind speed

Chemistry:
Chemistry analysis,
Isotopes, Tracer
tests

Fluoride contamination
(geogenic origins)

Flowmeter, logs
Pumping Tests,

Hydrodynamic parameters
information on complex
crystalline aquifer.

NO
To be inserted

Transport processes during
the return flow

YES
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Click on URL links to access data and use login and password provided to the scientific committee. For downloading pdf
files from the excel data sheets, please add the path http://hplus.ore.fr/documents/ in front of the URL address. For
instance change “ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf” to
“http://hplus.ore.fr/documents/ploemeur/mesures_in_situ/imagerie_optique/b1_obi40_20030705_up_1mm_720ppt.pdf”
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Injection tests, Slug
tests

Rare time series with
minimum lacks at
watershed scale.

Flowmeter logs
during injection
tests
Pumping tests
Injection tests
Slug tests

Choutuppal

Piezometric time
series

Choutuppal

Boreholes(descripti
on), Cuttings,
Geological log

YES

Continuous
piezometric level
measurements:
example of 2015
data

YES

Detailled aquifer
identification and mapping

Borehole
description
Cuttings

Geological logs
Choutuppal

YES

Hydraulic
experiences:
Pumping tests,
Piezometric level

Hydraulic
parameters
Injection tests
Slug tests

Hydraulic
parameters
Injection tests
Slugs tests
Choutuppal

Chemistry: Tracer
test,
Hydrochemistry
analysis

No

Hydrodynamic parameters
information on complex
crystalline aquifer under
anthropic activities.

II.4 Use of data by external teams
Team

Period

Scientific objectives

Dataset

NGRI

2015

Spatial and temporal fluoride
contamination

Fluoride analysis in groundwater
over the Maheshwaram
watershed

Rennes

2013

Origin of fluoride

Tracer tests results on Choutuppal
observatory

II.5 Development of innovative experimental or measurement methods.
On Maheshwaram watershed, Massuel et al. (2009) introduced a simple and inexpensive direct
method to determine the duration of pumping of a well by measuring the temperature of its water
outlet pipe. The method involves recording the temperature at the outlet pipe and identifying the
different stages of pumping. It is based on the use of the low-cost and small-size Thermochron
iButton temperature logger and can be applied to any well, provided that a water outlet pipe is
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accessible. The temperature time series are analyzed to determine the duration of pumping through
manual and automatic post-treatments. With a complete monitoring of hydrogeological and climate
variables, the site of Maheshwaram was used to apply the Water Table Fluctuation Method (WTFM)
to quantify the natural recharge and estimate the specific yield at the watershed scale (Marechal,
et al, 2006). The application of the WTFM method requires a large number of water level
measurements throughout the unconfined aquifer before and after each season. The advantage of
the method is that specific yield and recharge are estimated at the scale of interest to the basin
hydrologic studies and that the method requires no extensive in situ instrumentation network. Still
in Maheshwaram site, it was possible to quantify the impact of Manage Aquifer Recharge structure
on the unconfined aquifer thanks to the groundwater level, the monitoring of surface flooded
extension area and the flow meter measurement in several borewells, (Perrin et al, 2011; Boisson
et al, 2014). During another project (ANR SUSTWATER), a decision support tool was developed (DSTGW) based on groundwater budget and WTFM at basin-wide scale. The tool is able to estimate
groundwater levels and drying- up of borewells at the catchment scale at seasonal time steps
(Dewandel el al., 2010).
In Choutuppal, the highly monitored site was used to implement tracer tests and flow meter
measurements at the “deep fracture scale”. The investigation through these experiments allowed
proposing a conceptual groundwater flow model, which highlighted the depth-dependency of
fracture connectivity in crystalline weathered aquifers (Guilheneuf et al., 2014).
At bigger scale, the monitoring sites were used as validation zones for remote sensing methods. This
newly technique allowed to quantify the groundwater extraction based on the estimation of the
variability of irrigated crops extend thought high resolution satellite images (Ferrant et al, 2014).
II.6 Link with models
The groundwater quality data collected were used into a solute recycling model that includes
water/rock interaction and climatic parameters. This model was focus on the assessment of the
processes controlling Fluoride enrichment in a crystalline aquifer intensively exploited for paddy
field irrigation. The transient simulation was performed with a 1D reactive transport PHREEQC
column. The model enables to decipher the processes responsible for water-resource degradation
through progressive salinization. It shows that Fluoride enrichment of the groundwater is likely to
continue in the future (Pettenati et al, 2013).
The groundwater level, water body extension areas and the land use survey data were used to force
a spatially distributed agro-hydrological model (SWAT) in order to evaluate Climate Change effects
on local groundwater extraction (Ferrant et al, 2014).
The groundwater levels collected on the observatory of Maheshwaram were used into a combined
surface and groundwater balance with a relatively simple model able to reproduce the artificial
recharge from a percolation tank (Boisson et al, 2014). These groundwater data were also used in
the chemical modelling to assess the impact of the recycling from irrigation crops (Perrin et al,
2014).
II.7 Scientific animation
The site of Choutuppal is used as experimental site with the local partner NGRI and contributes to
several formation sites for students at Master and PhD level. Moreover, the Maheshwaram
watershed was the pilot site of several collaborative projects funded by the European Union.
Organizing workshop with the participation of all the water users was one of the objectives of these
projects.
II.7 Average annual budget
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The average total budget dedicated to these sites is 230 k€. The funds are shared between the
participation of the BRGM and the external projects like ANR, EU for instance. The final contribution
is made by the SOERE program. The main expenses are for the man power and the travel costs. The
leftover is used to buy new equipments and consumables.
Average annual Budget (2008-

resources

expenses

2018)

Total (k€)

travel costs

25

Consummables

15

temporary staff (VIE+PhD)
permanent staff

70
100

Equipment

20

TOTAL

230

INSU SO

0

BRGM

170

Programs (UE, ANR,)

50

SOERE

10

III Project for 2018-2023
IV.1 Scientific project
The last decade of research on these sites have bring new insights on the understanding of hydraulic
connectivity, hydrochemical transport processes and groundwater flow dynamics of crystalline
aquifers in semi-arid context. Nevertheless, some uncertainties are still remaining on the impact of
the compartmentalization on the aquifer recharge, or on the precise estimation of the groundwater
extraction variability at bigger scale (regional/national). In the near future, these observatories offer
the opportunity to validate the in situ methodologies and to upscale them at larger scales. The
precise role of the superficial layer of the weathered profile in the recharge processes will also be
investigated though aquifer recharge structures integrating modeling.
IV.2 Parameters and data
Most of the results obtained on these sites were based on the fact that a long term time-series data
was available and maintained. Thus, the continuity of the monitoring sites is crucial. The official
groundwater levels data are difficult to obtain or have a low time resolution. Thanks to the
monitoring sites near Hyderabad, a complete and unique data base is fully available on the H+
website for crystalline rocks in semi-arid South Indian context.
In order to tackle the new scientific questions, new data need to be acquired. The horizontal-tovertical spectral ratio (HVSR) seismic method involves analyzing measurements of ambient seismic
noise in three dimensions to determine the fundamental site resonance frequency (Raph et al.,
2010). From the resonance frequency, it is possible to identify the bedrock depth (i.e. the theoretical
aquifer thickness). This information can be mapped and used to constrain groundwater flow
modeling and even help in the determination of water budget at large scale by fixing volume
estimation for the resource. Passive seismic monitoring can also aim at identifying fractures. By
analyzing shear-wave splitting it is possible to determine the anisotropy of the rock, which may be
caused by aligned fractures (Wuestefeld et al, 2010).
The estimation of the groundwater extraction is still difficult to achieve at high resolution and at
large scale. With the treatment of satellite images via machine learning methods developed in
Ferrant et al. (2017), we can extract the irrigated land variation and estimate the groundwater
volume used in agricultural practices at regional scale since the last decade. To validate the model,
we need to continue the groundwater monitoring at least at seasonal time step.
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IV.3 Expected impact of results
With passive seismic measurements and their expected output data, we will be able to refine the
groundwater flow modelling as the quantification of recharge and water budget. But above all,
thanks to this method, the aquifer geometry and the fracture identification can be known at local
scale with a simple and easily reproducible measurement, which can be done at large scale with a
relative low cost of time. These methods are particularly well designed for watershed size ranging
from 10 to 100 km2, whose geology, the layer thicknesses of the weathering profile and
hydrodynamic properties can be considered estimated. The methods will be suitable for other
similar geological and climatic contexts around the world such as in Africa, Australia and South
America where evidence of deep weathering and stratiform hard rock aquifers have been reported.
Machine learning approaches are a way to produce land cover maps from remote sensing time
series. More specifically, supervised classification methods, which require a training dataset, are
suitable for exploring these massive amounts of data. After treatment and classification, it will be
possible to extract the seasonal areas of inundated rice, the areas of irrigated crops, and the
dynamics of surface water areas within the water harvesting system. Highly appropriate for building
a processing chain, these variables seem suitable for automatically producing agro-hydrological
output at a large scale.
IV.4 Interdisciplinary and international collaborations
For the next 5 years, collaboration with CESBIO/IRD (FRANCE) will be focus on the remote sensing
methods. An eco-social aspect would be planned with the UMR G-EAU (FRANCE), to work on the
economical point of view of groundwater consumption.
In the frame of the PhD thesis of Richard Hoffmann from University of Liege (BELGIUM) (part of the
ENIGMA European project), several data acquisition campaigns will be organized in Choutuppal
toward 2020.
The collaboration with the IISC (Bangalore, INDIA) will be focused on the impact assessment of
Aquifer Recharge structure through hydrochemistry analysis.
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Annex 6: Scientific report and prospective project for the Auverwatch site
I. Description of the Observation System
I.1 Scientific questions addressed with the site
The Auverwatch project aims at the quantitative and qualitative follow-up of characteristic water masses
in Auvergne in order to observe the long-term evolution of these hydrosystems depending on
anthropogenic modifications and climatic change. Four hydrogeological analogues have been selected,
including rainfall, alluvial hydrosystem, volcanic aquifer and thermo-mineral circulations. The project
focuses especially on the alluvial aquifer of the Allier River, that plays both an important socio-economic
role - drinking water supply and agricultural development – and an ecological role as a part of the Loire
watershed.
Three main axes are developed:
1. a long-term follow-up of the hydrodynamic and hydrochemical parameters with for objectives, the
study of the evolution of the quality and quantity of water in relation with anthropogenic and
climatic modifications and the production of tools for the water management by competent
authorities;
2. the implementation of an experimental site on the Allier hydrosystem, dedicated to the
implementation of collaborative and multidisciplinary projects, aiming at better constrain the
alluvial aquifer and at improve the understanding of the relations between aquifer and river, with
a focus on the reactivity of the alluvial deposits.
3. punctual studies settled in various sites located in the whole Allier River watershed, that allow to
better understand the functioning and the contamination of the whole alluvial basin in relation
with the various origins of water incoming the system.
I.2 Description of the infrastructure
Name of the infrastructure: AUVERWATCH (AUVERgne WATer CHemistry)
Contact details of managers:
- Hélène Celle-Jeanton, Professeur Université de Franche-Comté, UFR Sciences et Techniques,
CNRS UMR 6249 Chrono-Environnement, 16 route de Gray, F-25 030 Besançon Cedex, France
helene.jeanton@univ-fcomte.fr /tel : 03 81 66 20 10 / 06 33 59 01 04
- Gilles Mailhot, Directeur de Recherche CNRS, Clermont-Université, Institut de Chimie de
Clermont-Ferrand, Université Blaise Pascal, 24 avenue Blaise Pascal, 63178 Aubière Cedex,
France gilles.mailhot@univ-bpclermont.fr /tel : 04 73 40 71 73 / 06 61 63 99 20
Supporting institutions:
- Coordination Laboratory: Observatoire de Physique du Globe de Clermont Ferrand, Campus
Universitaire des Cézeaux, 4 Avenue Blaise Pascal, TSA 60026, CS 60026, 63178 AUBIERE CEDEX
- Participating institutions:
• Fédération des Recherches en Environnement FR 3467, Clermont-Université/CNRS/INRA
• Clermont Auvergne Métropole
• Agence de l’Eau Loire-Bretagne
• CNRS UMR 6249 Chrono-Environnement, Université de Bourgogne Franche-Comté
• CNRS UMR 6524 LMV, Université Clermont-Auvergne
• CNRS UMR 6042 Geolab, Université Clermont-Auvergne
• CNRS UMR 6134 SPE, Université de Corse
• GEGENA² EA 3795, Université de Reims, Champagne-Ardenne
Observation strategy:
89

The long-term follow-up in the alluvial system considers 5 points: 2 rain gauges located at different altitude
(Cournon / Opme), Allier River, pumping borehole P33, observation piezometer D13. Between 100 and
500 parameters are monthly measured or analyzed on each site, including emerging pollutants such as
pharmaceuticals.
Beside this long-term follow-up, an experimental site, constrained from the geology, the geometry and
the hydrodynamic has been defined in order to implement specific studies with a pluridisciplinary
approach.
At last, as the Allier system is the major River in Auvergne and plays important socio-economic and
ecological roles, not only at the regional scale but also in the whole Loire watershed, different studies have
been and will be achieved in order to better understand the functioning and the contamination of the
whole alluvial basin in relation with the various origins of water incoming the system (Fig.1).

Figure 1. Allier watershed and studied sites.

Parameters measured, data, commitment to make the data available to the community
Table 1 describes the sites and the parameters followed on a long term basis.
Hydrosystem
Rainfall

site
Opme
x=658658, y=2079445,
z=650m

Cournon
x=669191, y=2083509,
z=327m

River

Allier River
x=668707, y=2084178,
z=315m

D13

Piezometer

Frequency

Parameters

Month

18O, 2H

Day

Rainfall height

Month
Week
Day
Month

18O, 2H
18O, 2H, major and trace ions
Rainfall height
18O, 2H, T, pH, EC, major and trace ions, O2, CO2,
phytosanitaries, pharmaceuticals, pathogen bacteria

Hour
Month

River height
Piezometric levels, 18O, 2H, T, pH, EC, major and
trace ions, O2, CO2, phytosanitaries, pharmaceuticals,
pathogen bacteria
Piezometric levels, 18O, 2H, T, pH, EC, major and
trace ions, O2, CO2, phytosanitaries, pharmaceuticals,
pathogen bacteria

X=669480, y=2082030,
z=322m

P33

Pumping well
x=668626, y=2083320,
z=319m

Month
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Table 1: Parameters measured at different frequencies

I.3 Scientific PI and core team in charge of the observatory
PI : Hélène CELLE-JEANTON Professor in hydrogeology (UMR 6249 CNRS-UBFC Chrono-environnement).
Research activities deal with the definition of the groundwater origin and circulation, the characterization
of the geochemical and hydrological processes and the dating of groundwater, with a focus on the origins,
natural or anthropogenic, of dissolved elements. Scientific expert at the Agence nationale de sécurité
sanitaire de l'alimentation, de l'environnement et du travail
33 publications and 80 communications in international scientific congresses.
Teaching activities: Management of the Master’s degree Applied Geology at the UBFC. Lectures in Geology,
Hydrology, Hydrogeology at Bachelor and Master’s degrees.
Investigations
Gilles Mailhot

DR CNRS

coordination

% implication
10

Mélanie Quenet

Post-doc

CNRS UMR 6042

hydrology

100

Julie Albaric

MCU

CNRS UMR 6249

geophysic

5

Jessy Jaunat

MCU

GEGENA² EA 3795

modeling

5

Frédéric Huneau

Prof.

CNRS UMR 6134 SPE

isotopes

5

Fédération des Recherches en
Environnement de ClermontUniversité/CNRS/INRA

Sampling, analysis and
database
J.L. Devidal

% implication
IE

CNRS UMR 6524 LMV

Sampling

10

Emmanuel Delage

IE

OPGC

Database

5

Yannick Gueneheux

IE

OPGC

Database

5

I.4 Position in international scientific context
Pressures on water resources increase with human activities - in particular urbanization, population
growth, increase of the standard of living coupled with competition for water resources. Pollution
contributes to the degradation of the quantity and the quality of water reservoirs. Furthermore, climate
changes and variations of the natural conditions come to aggravate these pressures. In this context, the
major issue is to reach a management of water cycle in compliance with the requirements of sustainable
development. Then, knowledge regarding the description and understanding of mechanisms that affect
the water cycle and the associated polluting flows constitutes an essential prerequisite that may be
obtained by in situ and long term hydrogeological observations. Auverwatch is dedicated to the
monitoring, on a long-term basis, of the evolution of various chemical parameters including emergent
molecules, such as phytosanitaries and pharmaceuticals. The objective is to plot these evolutions and to
identify their environmental/anthropogenic causes. Moreover, the experimental site settled on the alluvial
hydrosystem of the Allier River allows comprehensive investigations designed for the: 1) study of the
reactivity of the alluvial environment in term of diffusion / retention / degradation of the emergent
molecules; 2) better study the relation between oxbow/river and alluvial aquifer and the propagation of
contaminants in the three compartments; 3) numerical modeling of alluvial aquifers; 4) analysis of the
potential of certain emergent molecules to be used as tracers of the short residence time.
I.5 synthesis
Scientific questions
What are the causes of the longterm evolution of dissolved
contaminants?

Challenges
Match socio-economic and
environmental data with
hydrochemistry

Opportunity offered by the site
Link with water managers /
durability of the site
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In alluvial system, what are the
processes involved in the
modification of hydrochemistry
from River to Alluvial
groundwaters

Explore the reactivity of Alluvial
deposits

The alluvial site of the Allier River
is relatively well constrain and
allows to go deeply in the
processes.

Surface/groundwater mixing

Understand complex mixings in a
site coupling pumped and
unpumped areas

The experimental site on the Allier
hydrosystem includes 71
boreholes and 10 piezometers
pumped and unpumped.

II Report of activities 2008-2018
II.1 Scientific contributions (period 2008-2018)
1- Definition of the geological settings by a collaboration with the petrologic team of the LMV
Objective: determining the origin and the composition of alluvial deposits in order to better define the
geochemical background.
The alluvial deposits consist mainly on quartz (70.1%), basalt (14.2%), feldspar (13.2%) and mica (2.5%).
Measurements of the concentrations in major elements and traces prove the native origin of the dissolved
elements.
2- Definition of the geometry of the system by a collaboration with the geophysical team of the LMV
Objective: constraining paleo-channels within the alluvial layer to better understand hydrodynamic.
The Allier River is meandering, and the river-bed had often moved from few tenths of meters in recent
period. Remains of old channels are still visible in places on the surface of the experimental site, forming
linear depression. These old channels could also be present vertically in the alluvial layer and may affect
the groundwater dynamics as they are constituted of pebbles or coarse grains, more permeable than the
rest of the aquifer.
3- Conceptual model of functioning
Objective: establishing a conceptual model including hydrodynamic and hydrochemistry.
On a hydrodynamical point of view, groundwater circulates generally from south to north, with a natural
alimentation from the hills in the non-pumped part of the aquifer. Pumping increases the participation of
the Allier river to the supply of boreholes, especially those located close to the river. Some parts of the
river banks are sealed and prevent leakage of surface waters in these areas. With the help of piezometric
maps illustrating water circulation during day and night, four end-members have been identified for the
supply of the study site: Allier River, neighboring hills, southern part of the alluvial hydrosystem and
rainfall. The participation rate of each end-member to the chemistry of boreholes has been calculated by
using the concentrations of ions [Cl], [NO3], [SO4]. The contribution of Allier River recharge is significant
in the majority of boreholes, contributing up to 100% in boreholes adjacent to the river. The influence of
the Allier river declines with distance from the river, where boreholes seem more affected by the water
coming from the hills of the southern part of the aquifer. Contamination has been explored through trace
elements, pharmaceuticals and pesticides.
4- First results obtained through the long-term follow-up
Objective: highlight the main processes responsible for the hydrochemical evolution.
The lowest concentrations correspond to the high flow periods of the Allier River. An opposite evolution
of the concentrations in bicarbonates, produced by the infiltration and circulation of water within the soil
and alluvial sediment, and nitrates stemming from the contamination. The concentrations in nitrates are
higher in spring, probably in connection with a more frequent manuring during this period of the year and
a more active washing of grounds during rainy periods. Concerning pharmaceutical products, high
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concentrations in carbamazepine correspond to the low flowrates of the Allier River, in connection with
the dilution process. Besides, between 2011 and 2015, an increase of the concentrations and a more
frequent detection of carbamazepine is observed, at the same time in the Allier River and P33, connected
to the river. This observation could be connected to an increase of the consumption of medicines.
Concerning phytosanitary products, between 2011 and 2015, an increase of the concentrations of
glyphosate (round-up) and AMPA and a more frequent detection of the AMPA is quoted. The
concentrations of AMPA can exceed the European regulation limit for the drinking water supply.
5- Punctual study of the Allier Lake by a collaboration with CNRS UMR 6023 LMGE, CNRS UMR 6042
Geolab, Athos Environnement, VEODIS 3D
Objective: studying the functioning and the vulnerability of Allier Lake with a focus on macrophyte pulses.
The lake of Allier as ecosystem was little studied until now. It is nevertheless the object of a growing
interest with the implementation of the monitoring observatory of migratory fishes, and constitutes a real
tourist attraction by multiplying the sports and leisure activities. The objective of the Allier Lake project
was to make an initial state of the functioning of this ecosystem at the interface between the wild nature
(Allier) and the urbanization of Vichy city. Further to the invasion of the lake by macrophytes in 2012, a
particular attention was carried to them within this project and a study was carried out in 2013-2014. Even
if strong developments were not observed (probably further to the floods of spring and summer), the
Nuttall pondweed was observed downstream the lake. The study included a bathymetry of the lake and
the Allier River near the Lake (Fig.12), the quantification, the granulometric characterization and the
chemical composition of the lake sediments, the physico-chemistry of the Allier Lake water and the
biology. It appears that in reality, Allier Lake can be considered as a part of the Allier River and
demonstrates the same functioning. High flown are characterized by a higher contamination in nutrients
and the presence of soil bacteria due to the soil weathering.
6- Evaluation the microbiological communities structure, richness and diversity by a collaboration with
the CNRS UMR 6023 LMGE, Clermont-Université
Objective: defining the biological content of surface and groundwater.
Although extensive monitoring of chemical and physical properties is conducted on alluvial systems, due
to the high demand for this valuable resource, current information on its bacterial content is limited.
However, bacteria provide an immense contribution to drive the biogeochemical processes in the
groundwater ecosystem as in any other ecosystem. Therefore, an evaluation of the microbial community
structure, richness, and diversity has been achieved. Prokaryotic abundances have been quantified
through flow cytometry. It appears that surface waters contain more bacteria than groundwater. The
decline in bacterial densities with increasing distance from the Allier River could be a result of the filtering
effect of the bed sediments (Ellis et al., 1998). However, results provided by Denaturing Gradient Gel
Electrophoresis analysis, highlight the fact that the richness in bacterial communities is higher in
groundwater than in Allier River. Higher competition in surface water could lead to a decrease of the
diversity within the surface water. Moreover, Storey et al. (1999) stated that, in the hyporheic zone that
connects the stream and the alluvial groundwater system, the biofilm growth form of interstitial microorganisms will create a variety of microniches, allowing coexistence of a great diversity of microbial types,
and promoting the activity of some otherwise poor competitors. These first results on microbiology seem
very interesting and should be combined with chemical results in order to highlight the influence of
chemistry, and more peculiarly contamination, on microbiology and vice versa.
7- Geochemical and isotopical approach to assess fluvial annex – groundwater relationships in an
agricultural environment: example of the Auzon oxbow (Allier River, Auvergne, France)
Objective: identifying the interactions between Allier River, Auzon Oxbow and alluvial groundwater and
assessing the impact of agriculture on the surface and groundwater quality.
Auzon oxbow has been monitored, as part of the SOAHAL Observation System (Système d'Observation
d'une Annexe Hydraulique de l'ALlier), since July 2014. This oxbow is connected to the Allier River only in
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its downstream part. Eight surface water points (6 in Auzon oxbow, Allier River, La Vandage River – a
tributary to Auzon oxbow), 8 near surface piezometers (between 0,92 and 1,85 m deep), 6 observation
boreholes drilled ten meters deep in the alluvial aquifer, and one spring draining neighboring hills aquifer,
have been sampled on a monthly time step. Water samples have been measured for physico-chemical
parameters, and analyzed for major elements and stable isotopes of the water molecule.
The hydrochemical and isotopic database is used to study the hydrodynamic and water quality impact of
the main stream and of the alluvial groundwater on the Auzon oxbow. Water chemistry shows a left bank
(alluvial aquifer) – right bank (Allier River) dynamic. Geochemical and isotopic analyses also show that the
upstream end of the cut-off meander seems to remain connected to the main stream below the soil
surface since the Allier River signature is found there. Finally, traces of agricultural pollution are observed
in all the water families with important Cl, NO3, SO4 and K contents while the first three are not coming
from the dissolution of local rocks.
Five representative publications
Articles (authors, year, title, journal)

Mohammed N., Celle-Jeanton H., Huneau F., P.
Le Coustumer, G. Bretrand, V. Lavastre,
Charrier G., Clauzet M.L. (sous presse) Isotopic
and geochemical identification of main
groundwater supply sources to an alluvial
aquifer, the Allier River valley (France). Journal
of Hydrology (IF 2.656), 508, 181-196. [doi:
10.1016/j.jhydrol.2013.10.051]
Celle-Jeanton H., Schemberg D., Mohammed
N., Huneau F., Le Coustumer P. Evaluation of
pharmaceuticals in Surface Water: reliability of
PECs compared to MECs (2014). Environment
International (IF 6.022), 73C:10-2. [doi:
10.1016/j.envint.2014.06.015]
Quenet M., Celle-Jeanton H., Beauger A.,
Voldoire O., Albaric J. Huneau F., Allain E.,
Garreau A., Peiry J.L. En préparation.
Study of river/oxbow surface water – alluvial
groundwater interactions using
physicochemical, geochemical and isotopical
approaches
(Auzon oxbow, Allier River, Auvergne, France)
Celle-Jeanton H., Mailhot G., Devidal J.L.,
Huneau F., Garel E., Clauzet M.L. 2017. Long
term chronicles of water physico-chemistry to
assess human pressures and climate changes
(AUVERWATCH project). International Long
Term Ecological Research Network & LTERFrance (Zones Ateliers Network & Critical Zone
Observatories) joint conference, Nantes,
France, 2-4/10/2017 – Nantes
Tweed S., Celle-Jeanton H., Cabot L., Huneau
F., De Montety V., Nicolau N., Travi Y., Babic
M., Aquilina L., Vergnaud-Ayraud V., Leblanc

Brief description (main
scientific breakthrough)
Conceptual model of the
Allier alluvial system

Dataset used
Major ions, traces,
water stable isotopes
2010 – 2014
AUVERWATCH

Comparison between MECs
(Measured Environmental
Concentrations) and PECs
(Predicted Environmental
Concentrations) to assess the
validity of Predicted
Concentrations.

Concentrations in
pharmaceuticals
2010-2014
AUVERWATCH

Hydrodynamic conceptual
modelisation of the Auzon
oxbow hydrosystem as a
basis to define the potential
role of that wetland on the
quality of the water resource
in an agricultural
contamination context.

Concentrations in
major ions and water
isotopes acquired on
the Auzon
hydrosystem from
2010 to 2014.

Presentation of the
AUVERWATCH project and
main results.

Whole AUVERWATCH
database 2010-1014 +
specific campaigns

This project explores effects
of the pumping and irrigation
cycles on both groundwater

Specific study based
on the acquisition of
concentrations in
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M. 2017. Impact of irrigated agriculture on
groundwater resources in a temperate humid
region. Science of the Total Environment,
Elsevier, 2018, 613-614, pp.1302 – 1316.
[doi :http//dx.doi.org/10.1016/j.scitotenv.201
7.09.156]

quality and quantity in a
region in France exposed to a
strong growth in
groundwater irrigation over
the past 20 years.

major ions, water
stable isotopes,
tritium, carbon-14,
CFC-SF6.

II.2 PhD students (period 2008-2018)
Name of PhD student
Nabaz Mohammed

Topic
hydrogeologist

Current position of PhD student
Lecturer In Dohouk Universiy (Irak)

+ Post-doc Sarah Tweed

hydrogeologist

Researcher at IRD Montpellier
France

+ Post-doc Mélanie Quenet

hydrogeologist

In course

II.3 Main datasets available on the site
Type of data

Monthly
hydrodynamic,
chemical and
isotopic data
on surface
water and
groundwater
2010-2018

Scientific interest
and uniqueness

Evolution of water
hydrodynamic and
quality according to
climate changes
and the increase of
anthropogenic
pressures

Data on
H+
database
?
Yes/no

no

Link to dataset

Data are currently being inserted in the H+ database,
they are also archived on the following website:
http://opgc.fr/vobs/so_interface.php?so=auverwatch

II.4 Use of data by external teams
Team

Period

Scientific objectives

Dataset

BRGM
Orléans

2014

Comparison of
concentrations
obtained by integrative
sampling and bulk
concentrations

http://opgc.fr/vobs/so_interface.php?so=auverwatch
P33

LaMP UCA

2018

Development of new
methods for the
analysis of molecular
compound in
atmosphere

http://opgc.fr/vobs/so_interface.php?so=auverwatch
Cournon station

II.5 Development of innovative experimental or measurement methods.
- Implementation of integrative sampling devices (POCIS: polar organic chemical integrative sampler and
DGT: Diffusive Gradient in Thin film) in order to verify their validity in the determination of organic
compositions. POCIS and DGT have been implemented on P33 from May-2014 to Nov-2014 in order to
compare the concentrations obtained with a bulk sampling with those obtained by integration on passive
sensors. The advantages of passive sensors is their low cost comparing to bulk sampling and the possibility
of integrating sampling for a long period. Substances are then detected even if they present low
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concentrations. However, the extraction of some absorbing phase is sometimes difficult to assess
concentrations.
- Evaluation of the microbiological communities structure, richness and diversity by a collaboration with
the CNRS UMR 6023 LMGE, Clermont-Université, in order to define the biological content of surface and
groundwater.
Although extensive monitoring of chemical and physical properties is conducted on alluvial systems due
to the high demand for this valuable resource, current information on its bacterial content is limited.
However, bacteria provide an immense contribution to drive the biogeochemical processes in the
groundwater ecosystem as in any other ecosystem. Therefore, an evaluation of the microbial community
structure, richness, and diversity has been achieved.
- Measurements of organic molecules of sanitary interests in atmospheric compartments (gaz and
water). This study is carried out by L.aMP, UCA
II.6 Collaborations with H+ teams
Since Auverwatch project has been integrated in the H+ network till 2016, collaborations will be described
in the project for 2018-2023.
II.7 Link with models
For the moment, only a conceptual model has been achieved.
II.8 Scientific animation
- Celle-Jeanton H. (2017). Intérêt de la mise en place de sites d’expérimentation et de protocoles
d’échantillonnage/analyses dans la compréhension des hydrosystèmes sédimentaires. Journée
technique à destination des acteurs de l’eau en région Rhône-Alpes Auvergne, Cournon d’Auvergne, le
11/07/2017.
- Celle-Jeanton H. (2015). Réunion d’échanges-Acteurs de l’eau en Bourgogne Franche-Comté. Retour
d’expérience sur l’hydrosystème Allier et projets sur les systèmes karstiques régionaux. Séminaire à
l’UMR Chrono-environnement, Université de Franche-Comté, Besançon, 16 décembre 2015.
- Celle-Jeanton H. (2014). Médicaments : ce qu’on ingère, ce qu’on rejette. Minute de la recherche de
l’Université de Clermont-Ferrand 2 + CNRS Hebdo du 08/01/2015.
- Celle-Jeanton H. (2014) Quand tu bois l’eau, pense à la source. Conférence dans le cadre des Mercredis
de la Science de l’Université de Clermont-Ferrand 2, 17 décembre 2014. http://videocampus.univbpclermont.fr/?v=RTxFnLyARqTa
- Celle-Jeanton H. (2012). Etude hydrogéologique de la nappe alluviale de l’Allier, à partir d’une analyse
multicritères (hydrodynamique, hydrochimique, géophysique et biologique). Présentation des résultats
en phytosanitaires et pharmaceutiques. 6ème rendez-vous entre la communauté scientifique et les
gestionnaires du bassin de la Loire et de ses affluents, 25 octobre 2012.
- Celle-Jeanton H. (2012). Etude hydrogéologique de la nappe alluviale de l’Allier, à partir d’une analyse
multicritères (hydrodynamique, hydrochimique, géophysique et biologique). Présentation des résultats
préliminaires. Plan Loire Grandeur Nature, 16ème réunion de la Plateforme Recherche Données
Informations, Bruxelles, Belgique, 30-31 Juin 2012.
- Mohammed N., Celle-Jeanton H. (2011). Etude hydrogéologique de la nappe alluviale de l’Allier au
niveau du champ captant de Cournon-Dallet-Mezel. Une analyse multicritère : géologique,
hydrodynamique, hydrochimique, biologique. Présentation du projet. Plan Loire Grandeur Nature, 14ème
journée des jeunes chercheurs, Angers, 21 novembre 2011.
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II.9 Average annual budget
Average annual Budget (2008-

resurces

expenses

2018)

Total (k€)

travel costs

2

Consummables

15

temporary staff
Equipment

8

TOTAL

25 k€

INSU SO

4

Universities, OSU, BRGM

8.5

Programs (UE, ANR, INSU, ADEME,
région)

8.5

SOERE

4

-

Observatoire de Physique du Globe de Clermont-Ferrand: 6 k€
Fédérations de Recherches en Environnement: 2.5 k€
Agence de l’Eau Loire Bretagne : 8.5 k€
SO + SOERE H+ : 8k€

-

Clermont Auvergne Métropole: 13 k€ (costs of analysis)
+/- sponsorship by Vichy Cosmetive Active International: 3 k€

III Project for 2018-2023
III.1 Scientific project
Planned project on AUVERWATCH focus mainly on the study of reactive transport. Taking into account
the growing interest of pharmaceutical compounds in water bodies, we will focus of the reactive
transport of these molecules.
The functioning of the alluvial hydrosystem of Allier River has been consequently investigated these
last years for it contributes at last for 80% to the drinking water supply of Clermont-Métropole (100 000
inhabitants) and then constitutes a key issues for water managers. In exploited alluvial aquifer, a large
part of extracted water comes directly from the River, through a transfer via alluvial sediments that can
attenuate the water contamination. This attenuation has been observed from Allier River to P33
borehole located 30m from the Allier River and mainly refilled by infiltration of surface water through
riverbanks. Focusing on pharmaceutical products, which are of a growing interest in water bodies, we
can observe that some compounds totally disappear or present a lower concentration than the river’s
one. Processes of diffusion, degradation (physico-chemical, biological) or adsorption on sediments can
be involved. Thus the objective of the present project is, thanks to a coupling of pharmaceutical
concentrations in Allier River and alluvial aquifer and distributed temperature measurements by optic
fiber (FO DTS), to understand in what the vertical and lateral heterogeneity of alluvial sediments
influences the distribution of the water flows, the residence time of water, and so, controls the
degradation of pharmaceutical substances. Practically, heated fiber optic cable will be inserted
vertically within the alluvial sediments to measure groundwater flow velocities at different locations
and different depths, before and during pumping. In parallel, analysis in pharmaceuticals will be
achieved before, during and after de pumping to correlate velocities of water to compounds
concentrations and then estimate the reactivity of alluvial sediments in terms of diffusion/degradation.
Besides, the joint analysis of the samples of cuttings and the water will allow estimating the potential
retention by sediments.
At last, since active DTS methods will be done only few times per year, a continuous temperature
monitoring will be done in nested boreholes using RBR T temperature sensors (0.002°C accuracy) and
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pressure sensors at different depths. These coupling should allow characterizing river/groundwater
interactions through time.
Another axis that is in progress concern the establishment of a 3D model of the aquifer. Geophysical
campaigns are planned to estimate the depth of the aquifer substratum and the vertical heterogeneity
due to old channels of Allier River.
III.2 Parameters and data
The purpose of Auverwatch is to follow the evolution of hydrodynamic and hydrochemical parameters
with for objectives, the study of the evolution of the quality and quantity of water in relation with
anthropic and climatic modifications and the production of tools for the water management by
competent authorities. A follow-up of more than 10 years is then needed.
Moreover, the database is not only used for research purposes but also implement the database of the
water management authorities which are interested in Auverwatch research and results.
The main objective of the project is to better constrain the reactivity of such porous media. Then
assessing, by geophysical investigations and velocity measurements, the intrinsic heterogeneity of the
Allier alluvial system, is one of the key issue of the study.
III.3 Expected impact of results
Alluvial systems are fundamental in the production of drinking water for a large part of population
(more than 50% in France). Better understanding the processes between surface and groundwater and
the processes involved in the transport of contaminants is then one of the key issue for better managing
alluvial hydrosystems. Results and experimentations can be extrapolate to other sites in other to
determine the comportment of aquifer facing a contamination.
III.4 Interdisciplinary and international collaborations
III.5 Collaborations with H+/OZCAR teams
Project submitted at CRITEX call: On the use of high frequency temperature monitoring for
characterizing flow and transport in the critical zone” (SITES : Auverwatch, Obsera, Orgeval, Ploemeur,
Poitiers, Sélune (Manche) – PI: Olivier Bour + Hélène Celle-Jeanton

98

Annex 7: Scientific report and prospective project for the METIS team
I. Description of the METIS Partner Team
In 2017, the METIS applied geophysics team joined H+ as a scientific partner, expert in the
development of near-surface geophysical methods. This team is part of the METIS research
laboratory (Environmental Media, Transports and Interactions within the Hydrosystems and the
Soils) at Sorbonne Université (formerly University Pierre et Marie Curie, Paris 6). The METIS
laboratory mainly studies the water cycle and the elements it carries, including most controlling
processes (atmospheric, hydrological, geological, geochemical and biogeochemical) in an
interdisciplinary way. Its applied geophysics team consists in 8 permanent scientific members
(professors, associate professors, CNRS researchers) whose main research interests include nearsurface prospecting using various geophysical methods such as: electrical (active & passive),
electromagnetic (induction & radar), magnetic, active seismic etc. The METIS applied geophysics
team not only works on the combination of these different methods on case studies, but also
develops alternative/innovative prospecting tools with associated processing, modelling and
inversion techniques. The team applies its approaches to a wide range of near-surface targets and
addresses issues in various domains such as hydrogeology, archeology, agronomy, geotechnics or
geomorphology.
Thanks to its main center of interest, the METIS laboratory benefits a long experience of
interdisciplinary approaches more particularly combining hydrology, hydrogeology and geophysics.
In the past decade, the applied geophysics team had the opportunity to cooperate with H+ thanks
to Master students field trips (to perform multi-method geophysical surveys on the Ploemeur and
Guidel observatories for instance). More recently, the team has been involved in the French national
equipment project CRITEX, with 2 work packages: “Seismic imaging of the Critical Zone, WP6.1” and
“POLAR: From resistivity to polarization in time and spectral domains, WP6.2”. Within CRITEX, the
METIS applied geophysical team developed its interactions with H+ sites and became a partner of
the network.
II. Contribution the METIS team within CRITEX’s seismic workpackage
II.1 Scientific project
Porosity, permeability and saturation are properties of the Critical Zone (CZ) that naturally influence
the seismic signal. Pressure (P-) and shear (S-) waves present, by definition, partially decoupled
behaviors in the presence of fluids. The ratio of their propagation velocities (VP and VS respectively),
or the Poisson’s ratio, therefore classically permits imaging the presence of fluids in rocks. This
strategy however remains underused in near-surface applications, hence in hydrogeophysics.
Yet, P-wave refraction tomography and surface-wave dispersion inversion can be performed along
coincident profiles to simultaneously estimate 2D VP and VS sections. In the framework of both the
CRITEX and the PIREN-Seine programs, the METIS team suggested the approach to be included in
the hydrogeophysics' toolbox. The first developments have been initiated thanks to a PhD thesis
funded by Sorbonne Université (S. Pasquet, 2011-2014). The combination of P- and surface-wave
measurements and interpretations has been tested and validated on two CZ observatories with
distinct hydrogeological characteristics, e.g. a fractured environment with strong discontinuities
(Ploemeur, H+ network) and a continuous multi-layered hydrosystem (Orgeval, RBV network). On
both sites, it was possible to image spatial variations of VP/VS ratio, whose evolution was strongly
associated to the water content observed locally. This approach has been presented to the
community as an integrated workflow for surface-wave dispersion inversion and profiling (SWIP)
available at https://github.com/SWIPdev/SWIP/releases
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The use of VP/VS, Poisson's ration ratio or derived parameters thus seems promising for the
estimation of water content variability over decametric spatial scales. But the temporal variability
is also of great importance in the understanding of hydrosystems dynamics. The METIS team is
currently developing a ‘time-lapse’ implementation of the approach in the framework of a PhD
thesis funded by Sorbonne Université (M. Dangeard, 2015-2018). The main objective of this work is
to catch the dynamic of hydrosystems by observing temporal variations in the data (P-wave travel
times and surface-wave dispersion) prior to any inversion. These studies also aim at taking
advantage of time-lapse observations to provide updated constraints and boundary conditions to
the hydrodynamic models. The PhD thesis involves cooperation in the framework of the PIRENSeine and CRITEX programs as well as experiments on the Orgeval basin (RBV/OZCAR), on the mont
Lozère (OHMCV/OZCAR) and H+ sites: Ploemeur, Guidel and LSBB (Rustrel).
II.2 Associated scientific contributions
Articles (authors, year, title, journal)
Dangeard, M., Bodet, L., Pasquet, S., Thiesson, J.,
Guérin, R., Jougnot, D., and Longuevergne, L.
Estimating picking errors in near-surface
seismic data to enable their time-lapse
interpretation on hydrosystems, submitted to
Near Surface Geophysics (accepted with
minor revison).

Brief description (main
scientific breakthrough)
First developments of timelapse
seismic
data
processing techniques to
describe the dynamics of
hydrosystems

Pasquet, S., Bodet, L., 2017. SWIP: an integrated
workflow for surface-wave dispersion
inversion and profiling. Geophysics, 82(6),
WB47-WB61.

Processing and inversion
toolbox for 2D estimation of
VP/VS ration from a single
acquisition profile

Pasquet, S., Bodet, L., Longuevergne, L., Dhemaied,
A., Camerlynck, C., Rejiba, F., Guérin, R., 2015.
2D characterization of near-surface Vp/Vs:
surface-wave profiling versus refraction
tomography. Near Surface Geophysics, 13(4),
315-331.

First 2D validation of the
CRITEX’s seismic approach to
depict water saturation
variation thanks to VP/VS
ration from a
single
acquisition profile

Dataset used
Ploemeur
seismic
data (October 2011
and May 2012)

Acquisition of the
dataset on Ploemeur,
May 2012

II.3 Associated PhD students
Fill table below regarding PhD students that have worked with H+ sites in the period 2008-2018
Name of PhD student
L. Blazevic, 2017-2020

Petrophysics

Topic

Current position of PhD student
PhD student

M. Dangeard, 2015-2018

Time-lapse seismic

PhD student

S. Pasquet, 2011-2014

VP/VS near-surface seismic

Post-doc

II.4 Main datasets available
Type of data

Seismic Data Ploemeur
(October 2011-May 2012)

Scientific interest and uniqueness

VP and VS on coincident line/timelapse

Data on
database ?

Not yet

H+

Link to dataset
Insertion of
geophysical data in
the H+ database
using the new
format is on-going

100

Seismic Data Guidel (July2017-October 2017)

VP and VS on coincident line/timelapse

Not yet

Seismic Data Rustrel (LSBB,
May-2017)

Raw seismic, ERT and NMR data on
coincident location

Not yet

(see prospective on
database)
Insertion of
geophysical data in
the H+ database
using the new
format is on-going
(see prospective on
database)
Insertion of
geophysical data in
the H+ database
using the new
format is on-going
(see prospective on
database)

II.5 Scientific animation
CRITEX’s seismic and the METIS teams are involved in the organization of workshops and trainings
in cooperation with H+ (e.g. Fiber Optic Distributed Sensing Workshop in Poitiers, Oct. 2015; seismic
trainings with the ITN ENIGMA, Oct. 2017 and June-Jul. 2018).
II.6 Budget
2017, equipment (7k€ co-funded by CRITEX and METIS): set of multi-component and broadband
geophones and acquisition system.
III Perspectives
The vadose zone and more specifically its mechanical properties and saturation frequently vary on
a continuous manner while the inversion of seismic data cited above mainly yields discrete layers.
Such incompatibility brings the need to revise our models, inversion tools and, more generally, our
imaging approaches. The METIS team, in the framework of the ITN ENIGMA, aims at pushing to go
from structural and static property imaging to process-based imaging approaches. A PhD study (L.
Blazevic, 2017-2010) more particularly aims at: 1. Finding appropriate connections/links between
hydrodynamic parameters and seismic properties; 2. Exploiting the full wealth of active seismic
signals and extracting information from temporal variations; 3. Perform hydrogeophysical
experiments with scaled seismic noise monitoring.
III.1 Collaborations with H+/OZCAR teams
The developments mentioned above and projects for 2018-2019 benefit the support of several
H+/OZCAR teams and sites such as Ploemeur/Guidel, Larzac, ORACLE/Orgeval, LSBB, OHMCV/Mont
Lozère.
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Annex 8: Report of the 2008 international scientific committee
The evaluation of the H+ observatory took place on November 12, 2008. The committee consisted
of Jesus Carrera, Alberto Guadagnini, Wolfgang Kinzelbach and Harry Verreecken. Wolfgang
Kinzelbach was elected chairman of the committee. Below the conclusions and suggestions of the
committee are summarized.
Conclusions
The H+ program is doing excellent and fascinating work. It is the stronger the more it is focused.
Particularly impressive is the multi-method approach (hydrology, hydraulics, geophysics, geodesy,
environmental tracers). It sets a path for the future.
The development of new experimental methods and the sharing of these experiences are a big asset
of H+. The educational value of the exercise, including field training and courses, is immense.
H+ rather than the sites themselves has had an effect of bringing people together. The researchers
seem to like the effort and seem to get a boost for their work out of it despite the overhead. That is
the major justification why the effort is worthwhile to be undertaken.
H+ provides a lot of good science for very little money (as the infrastructural costs are partly shared
and partly paid by other parties).
The idea of the self-sustaining data bank is intelligent and non-conventional. It may well be the
modern time answer to an authority collecting data over a very long time span. Its effectiveness is
not yet proven and should be monitored.
In summary, H+ is an excellent program.
Suggestions
In most sites observation points and data collection are limited to a small part of the observed
hydrogeological unit. We urge to embed the analysis into a larger spatial and hydrogeological
context. The sites should be known up to the boundaries.
The data available nowadays are not gathered exhaustively. Digital terrain models and other satellite
remote sensing data are available and should go into the data bank. The meteorology data should
ideally also be found in the same data bank.
Gear the data bank towards use in the future. Make sure the data as complete as one can define
completeness today for a future modeler. Do inverse modeling now to see how complete your data
are.
The network should not be seen as a device to get funding more easily. Do not come together in H+
for the leverage of money but only for the common interest
Get a more non-conventional design and density of measurements. Steps forward in geosciences
were often associated with a hitherto infeasible density of data (e.g. Borden, Cape Cod, MADE sites).
We urge H+ to continue and strengthen the path of multi-method fusion which is another way of
obtaining denser information of a site.
Show that people, who are not operating the sites, use data from the sites. This would prove at an
early stage that the idea of accumulating data over time for later use is viable.
Try to define scientific questions which are relevant for the network and which require a network
to solve them. While in atmospheric science and oceanography the necessity of a network is
undisputed it is less obvious in the case of aquifers. Possibly the requirement of different disciplines
in the analysis of an aquifer may provide some reasoning.
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Address more in depth transport prior to biogeochemical processes. Except for the environmental
tracers in the Ploemeur site no non-reactive transport has been looked at, while reactive transport
was investigated. This means step 2 is done before step 1.
Establish criteria for growth of the network; define what size is feasible and when overhead
becomes too large. If major scientific players in France are included, stop increasing the size.
Show success of the network through papers published commonly between groups (in- and
outside).
If science is add-on on an effort, which is done anyway, show more clearly the value added as
justification for the network
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