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Summary

Introduction and general objectives of the project

The FRESHMAN research project was initiated in 2020 to investigate the feasibility of using
brackish groundwater as a sustainable source for drinking water production for Dunea. To this
end, a field pilot near Scheveningen was carried out to study several aspects of brackish
groundwater extraction. From early January 2022 to halfway March 2025, the following four
main phases of the pilot took place:

- Phase 1: Extraction of brackish groundwater. This extraction for about 20 months led
amongst others to a downward expansion of fresh groundwater (freshening).

- Phase 2: Extraction of deep fresh groundwater. For about 3 months, deep fresh
groundwater was extracted to simulate a calamity in which no river water is infiltrated,
whilst the production of drinking water is continued. This resulted in saltwater upconing.
An idle period of a few months preceded Phase 2.

- Phase 3: Extraction of brackish groundwater. Similar as phase 1, but for a shorter
period of time (about half a year), in order to restore the freshwater well screens
(downconing).

- Phase 4: Simultaneous extraction of fresh groundwater and brackish water extraction.
This phase took place for about 3 months, to keep the interface between fresh and
brackish groundwater stable (Freshkeeper mode).

In addition to the conventional monitoring techniques applied within FRESHMAN, an additional
T K1 p rCOAST AR Brakwaterwinning; meer met metendwas organized. In this TKI project,
two monitoring techniques were proposed and implemented in the pilot study; Active Heating
Distributed Temperature Sensing (AH-DTS) and cross-hole Electrical Resistivity Tomography
(ERT). AH-DTS relies on fiber-optically measuring the temperature response during and after
generating a heat pulse, which, in the current project, was mostly used to infer groundwater
flow rates. The heat pulse is generated electrically by a resistance wire, which is integrated
with the fiber optic cable into a single cable. ERT is based on earth resistivity measurements,
which are influenced by lithology and groundwater quality (salinity). Time-lapse ERT
measurements can be used to monitor salinity dynamics, as it can generally be assumed that
l'ithol ogical changes dondt change signific

The main objectives of AH-DTS and ERT were to gain better insight into 1) three-dimensional
spatiotemporal variations in salinity and 2) options for improving operational management of
brackish groundwater extraction. This report describes the methods and findings of this TKI
project.

Methodology

ERT cables were installed at four different locations (including two extra boreholes) and AH-
DTS cables at four locations along the depth of interest in the subsurface. All downhole AH-
DTS and ERT cables were connected through surface cables to in-house and commercial
monitoring hardware, situated in a central control shed. Using this monitoring network, over
10000 cross-hole ERT measurements were collected during the pilot with very few interruptions
every 8 hours, using 48 electrodes per measurement location at an electrode space of 1.67 m.
For the AH-DTS, data were collected without significant hiccups during the first two years, but
were significantly discontinued due to electrical issues during 2024, except for the last few
months. For selected periods, the AH-DTS data were used to infer groundwater flow velocity
towards the well screens based on a relation between peak temperature during a heat pulse
and corresponding groundwater flow rate.
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Results

The AH-DTS data showed that at the extraction wells, the distribution of peak temperatures
(maximum temperatures during a heat pulse) along the screens was not uniform. Different
zones of uniform peak temperatures were defined. In this way, different zones with different
(uniform) inflow rates were derived using an empirical relationship between the screen-
averaged peak temperature Tpx and the average flow rate of the extraction well screen
normalized by the total length of the screen (Qn). The relationship based on all well screens
together showed a good fit and could be used to determine the relative contribution of each
screen section. In this way, sections of higher and lower flow rates could be distinguished.
Screen-specific analyses resulted in more accurate Tok - Qnsrelationships and somewhat more
pronounced flow distribution variability (in line with the general relationship), but the accuracy
of the empirical relationship is biased by sparse data. Moreover, all relationships have a finite
applicability; at low flow rates, the Peclet number is low, such that heat transport by conduction
cannot be neglected anymore. At higher flow rates, the amount of heat produced may not be
sufficient to create a significantly higher peak temperature relative to the accuracy of the
temperature measurements and the background temperature (low signal to noise ratio).
Nevertheless, the monitoring has shown how AH-DTS can be used to monitor flow rates and
infer flow rate variability within a well screen.

The ERT data could be used to produce two- and three-dimensional images of the resistivity
distribution, which yielded insight into the salinity dynamics during the pilot. The raw resistance
data showed overall low contact resistances, indicating good overall data quality. The
calculated resistivities at the shortest electrode spacing, which were used to infer two-
dimensional (time-lapse) images of the resistivity dynamics along the depth of the boreholes,
showed an expected influence by the backfill of the boreholes, but also a good correlation with
the pumping regime and resulting salinity dynamics. The inversion results also indicated a
correlation with the pumping regime, but were prone to artifacts at the depth of the brackish
water extraction screens, showing amongst others an unrealistic zone of lower resistivities
during Phase 1.

Conclusions and recommendations
Regarding the main objectives of the AH-DTS and ERT, the following can be concluded:

- Three-dimensional spatiotemporal variations in salinity
The raw ERT data and inversion results suggest a symmetrical salinity distribution at
the scale of the inversion model during phase 1 (brackish water extraction), and an
asymmetrical salinity distribution during phase 2 (freshwater extraction and saltwater
upconing). A possible explanation for this, is regional groundwater flow (negligible in
the saline groundwater, significant in the fresh groundwater). Other possible
explanations are rotational flow due to the density differences or preferential flow
related to a heterogenous subsurface. Numerical variable density groundwater flow
models can be used to further investigate this.

- Options for improving operational management of brackish groundwater extraction
Due to the artifacts found in the inverted ERT data, no accurate prediction of the salinity
of the different well screens could be made, not even when adopting different formation
factors. This effect is more important than the variable inflow of groundwater into the
screens as inferred from the ERT. As such, operational management of brackish
groundwater extraction by automatic adjusting pumping rates to the ERT monitoring
data was not further investigated. The ERT data could, however, be used to monitor
the saltwater up- and downconing in close proximity to the extraction wells by using
the raw (non-inverted) data, which showed a good general correspondence with the
pumping dynamics.
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Additionally, experience with AH-DTS and ERT in this pilot has yielded the following insights:

- AH-DTS monitoring has shown to be useful to 1) infer/verify backfill design of wells, 2)
qualitatively determine flow rate variability along well screens, and 3) by relating
average peak temperatures to the total flow rate, inferring flow rate (variability)
quantitatively.

- ERT data was conveniently collected, and data quality and screening results can be
organized relatively straightforward. Inverting the data is much less evident, and
artifacts are not easily removed automatically without additional information that can
be used to guide the inversion.

The main recommendations for future AH-DTS and ERT monitoring of brackish water
extraction or similar processes are, apart from improvements on data acquisition and
handling/transfer (grid power back-up and restart capacity, etc.):

- Numerical modelling and laboratory measurements of AH-DTS to quantify the
relationship between peak temperature and flow rate, to be able to quantify flow rates
without knowing the total flow rate of a well.

- Investigate how AH-DTS can be used to monitor process that influence inflow of
groundwater into screens, such as clogging.

- Using numerical variable density groundwater flow and solute transport models in
combination with forward and inversion modelling of ERT to optimize the design of the
ERT survey, as well as the inversion of the ERT data.

- Further investigate how ERT inversion can be improved/constrained by using prior
information such as geological models or other geophysical data.

6 of 67 Monitoring of the FRESHMAN pilot with AH-DTS and ERT
11208170-008-BGS-0001, 17 November 2025

Deltares



Contents

Summary 4

Contents 7
1 Introduction 9
2 Methodology 13
2.1 AH-DTS 13
211 Theory 13
2.11.1 DTS 13
2.1.1.2 AH-DTS 15
21.2 Measurement setup 16
2121 Cable design 16
2.1.2.2 Heating and data cabinet 17
2.1.2.3 Cable layout 19
2.1.3 Processing data 19
2.1.31 Raw data 19
2.1.3.2 Calibration 20
2.1.3.3 Averaging up- and down-going signals from individual wells 20
2134 Peak temperature and cooling curve extraction 21
2.2 ERT 22
221 Theory 22
22.2 Measurement setup 23
2.2.3 Processing data 27
2.3 Combining ERT and AH-DTS 30
3 Results 31
3.1 AH-DTS 31
311 Peak temperature derivation 31
3.1.2 Peak temperature profiles 32
3.1.3 Peak temperature i flowrate relation 34
3.14 Flow variability within each well screen 37
3.2 ERT 43
3.21 Resistivity dynamics in relation to pumping regime; Wenner data 43
3.2.2 Inversion settings 45
3.2.3 Inversion results a7
3.24 Derivation of formation factors and porewater conductivity from Wenner data 51
3.25 Porewater conductivity of the extracted groundwater 53
3.2.6 3D flow towards the well screens 55
4 Discussion 60
4.1 Insights AH-DTS and cross-hole ERT and added value compared to other techniques 60
4.2 Automated data collection and validation AH-DTS and cross-hole ERT 61
4.3 Challenges and possibilities of data processing AH-DTS and cross-hole ERT 62
7 of 67 Monitoring of the FRESHMAN pilot with AH-DTS and ERT

11208170-008-BGS-0001, 17 November 2025

Deltares



5 Conclusions and recommendations 63

6 Acknowledgements 65
7 Literature 66
8 of 67 Monitoring of the FRESHMAN pilot with AH-DTS and ERT

11208170-008-BGS-0001, 17 November 2025

Deltares



1 Introduction

Driven by increasing water demand and decreasing (external) river water supply, the water
supply company Dunea considers the use of brackish groundwater as an additional source for
drinking water production (Figure 1-1). To this end, the FRESHMAN?! research project was
initiated in 2020, with the following two main objectives:

1. Investigate the feasibility of the use of brackish groundwater as a sustainable source
for drinking water production. The following sustainability requirements have been
defined:

- The groundwater extraction should not negatively influence the surroundings
for at least 50 years.

- The salinity of the extracted water should not vary too much over the course
of the extraction period.

2. Demonstrate that the strategic fresh groundwater volume increases due to brackish
water extraction.

1= zoetwater winput
2 = brakwater winput
3 = zuivering zoet grondwater
4 = zuivering brak grondwater

Zoet grondwater
Licht brak grondwater
 Brak grondwater

@ Zout grondwater

@® Zeewater

Figure 1-1: Concept of brackish water extraction in a coastal dune area (in Dutch). For more information, see
https://www.coastar.nl/.

000000006000000
'!"The Freshman project is supported by the EU LIFE Cli mate
LI'FE19 CCA/ NL/OO12220.
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Within the FRESHMAN project, a pilot of brackish groundwater extraction started early 2022 in
the water supply area of Dunea in Scheveningen (Figure 1-2). The pilot consisted of the
following four phases:

- Phase 1: Extraction of brackish groundwater. This extraction for about 20 months led
amongst others to a downward expansion of fresh groundwater (freshening).

- Phase 2: Extraction of deep fresh groundwater. For about 3 months, deep fresh
groundwater was extracted to simulate a calamity in which no river water is infiltrated,
whilst the production of drinking water is continued. This resulted in saltwater upconing.
An idle period of a few months preceded Phase 2.

- Phase 3: Extraction of brackish groundwater. Similar as phase 1, but for a shorter
period of time (about half a year), in order to restore the freshwater well screens
(downconing).

- Phase 4: Simultaneous extraction of fresh groundwater and brackish water extraction.
This phase took place for about 3 months, to keep the interface between fresh and
brackish groundwater stable (Freshkeeper mode).

The extraction of groundwater took place with two wells (5880.BR-001 and 5880.BR-002; see
Figure 1-2), situated about 6 m apart. For brevity, the extraction wells are referred to as BR-
001 and BR-002. At well BR-001, two well screens are used for the extraction of (mostly) fresh
groundwater. The corresponding names used in this report are BR-001.1 and BR-001.2. Well
BR-002 has three well screens; BR-002.1, BR-002.2 and BR-002.3. Appendix 1 gives an
overview of the depths of the screens and the well design, also for the other monitoring
locations.

¢ :
@ Monitoring locations

Figure 1-2: Overview of the monitoring locations close to the extraction wells. All locations involve at least one
monitoring well. Groundwater extraction takes place at 5880.BR-001 and 5880.BR-002

Monitoring of the FRESHMAN pilot with AH-DTS and ERT
11208170-008-BGS-0001, 17 November 2025

Deltares



The following research questions have been defined within FRESHMAN:

- How does the quality of the groundwater change spatially when brackish groundwater
is extracted below the base of the freshwater lens?

- What is the origin of the brackish groundwater and how does the quality of this water
change over time?

- How fast does the freshwater lens grow, how much freshwater is needed for this, and
what is the origin of the extracted fresh groundwater?

- What is the spatial extent of the extractions on the phreatic level in the area?

- How does the water quality change upon extraction of fresh groundwater above the
brackish groundwater. What is the origin of this water? How fast does the freshwater
lens recover from a period of bridging?

- How does the extraction of brackish groundwater need to be operated in the most
optimal way?

An extensive monitoring network has been installed to study relevant processes (Figure 1-2
and Table 1-1). The results of the monitoring in relation to the research questions have been
described by van Dooren et al. (2025). Besides the monitoring, modeling will be used in the
project for enhanced understanding. Two PhD students, Teun van Dooren (TU Delft / KWR)
and Thijs Hendrikx (Utrecht University) are involved in the FRESHMAN pilot.

Table 1-1: Overview of the monitoring at the observation and extraction wells.

Measurement General Temporal Measurement Spatial

type objective resolution locations dimension and
vertical
measurement
interval

EM induction | Salinity dynamics Variable; before | All 1D; 5cm

borehole logging every major change

in pumping regime.

Cross-hole Salinity dynamics 8 hrs WP FM, WP FN, | 3D;1.67m

electrical resistivity WP FT, and WP FS

tomography (ERT)

Geo-electric  point | Salinity dynamics Variable; 1-2 weeks | All, except WP FT | 1D; 3 m

monitoring  (GEM; and WP FS

Dutch:

zoutwachters)

Active Heating | Groundwater flow 6 hrs. WP FM, WP FN, | 1D, 0.13cm

Distributed 5880.BR-001,

temperature 5880.BR-002

sensing (AH-DTS)

CTD-divers Salinity dynamics >1 minute (event- | 5880.BR-001, 1D, at piezometer

based) 5880.BR-002 screens below

extraction well
screen 1.1

Sampling and | Salinity dynamics Variable, 3-4 | Variable, mostly | 1D, at extraction

hydrochemical months focused on central | well screens,

analysis by wells piezometer screens

observation  wells or miniscreens

and miniscreens

Flow and EC of | Salinity dynamics 5 minutes 5880.BR-001, -

extracted water 5880.BR-002
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This report primarily dealswitht h e T K| CQASDAR Brakivateswinning; meer met meteno

where two monitoring techniques that were studied as an addition to the initial monitoring plan

of FRESHMAN: Active Heating Distributed Temperature Sensing (AH-DTS) and cross-hole
Electrical Resistivity Tomography (ERT). Other monitoring activities and techniques that are

used in the pilot are also briefly discussed. More information on the other monitoring techniques

can be found in the docunmeemrdd inzet Wam daold énetingem g ec
model l en)d6 (in Dutch).

Specifically, the objective o f t h e T KCDASpAR®Bjakwaterwinning; meer met metenod
was to study how ERT and AH-DTS could be used in the FRESHMAN pilot to gain better insight
into:

1. Three-dimensional spatiotemporal variations in salinity in the vicinity of the extraction
wells.
2. Options for improving operational management of brackish groundwater extraction.

Regarding the first aspect, ERT data was collected at a high frequency (three times per day)
to see how this could complement other data collected at a lower frequency. The cross-hole
ERT monitoring essentially yields a three-dimensional resistivity distribution over time (4D),
thereby also (at least theoretically) complementing other monitoring techniques and giving
insight into the salinity around the extraction wells and any possible non-axial-symmetric
salinity distribution around the extraction wells, for example due to preferential flow within the
heterogeneous subsurface.

With respect to the second aspect, high-frequency and automated ERT data collection can be

used as a o6ear |l y war nigmudwatersnanagadentf(aajusting puepiregt i o n a
rates). Also, by combining groundwater flow into the well screens (by AH-DTS) and electrical

resistivity (ERT) measurements, the resulting electrical conductivity of the pumped water can

be derived, which can be used to keep the salinity of the extracted water stable over the course

of the extraction period, which was a main objective of the FRESHMAN pilot. Lastly, and more

generally, the TKI study aimed at gaining experience with these innovative monitoring
techniques for the FRESHMAN pilot.

This report discusses, in addition to these research objectives, some general observations from
the monitoring. This, however, is kept concise, as other reports and the PhD output will also
focus on output generated by the pilot.
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2 Methodology

2.1 AH-DTS

The general approach for monitoring the inflow of groundwater through the well screens is
based on relating the temperature response upon a heat pulse to the groundwater flow rate.
The temperature response is measured using the fibre optic distributed temperature sensing
(DTS) technique. The fibre optic cable is assembled together with a heating cable into a single
cable. A heat pulse of specified duration and power can be applied via the heating cable. The
measurements are therefore referred to as active-heating DTS (AH-DTS).

AH-DTS cables were installed at the outer surface (in the backfill) of two observation wells (WP
FM, WP FN) and two extraction wells (BR-001 and BR-002) at the project site. The cables were
installed vertically without any (helical) wrapping. At WP FM and WP FN, the cables were
directed towards the extraction wells. Compared to more direct approaches to measure
groundwater inflow into wells at the well screens, such as an impellor flowmeter (e.g., Martinez
& Widdowson, 2023), AH-DTS has the main advantage that measurements can be carried out
without having to remove the pump in the well, and that once the system has been installed,
monitoring can be carried out conveniently. Other advantages of AH-DTS include 1) the fact
that measurements are carried out in a distributed sense, meaning that they are not point
measurements, but carried out with high spatial (up to 12.5 cm) and temporal (up to 1 second)
resolution, and 2) that due to the small diameter of the cables, disturbance to flow is minimized.

2.1.1 Theory

21.1.1 DTS
A DTS interrogator measures the temperature recorded along discrete distances of a fiber optic
cable, which it uses as its sensor. It consists of a controller unit which contains a laser source,
pulse generator, optical module, receiver and a micro-processor (Figure 2-1).

Signal- | { [ e o won e
processing unit

X

l ]
Imhmjm = ,
r

ptical fiber

| splitter

A R
I PO DU ADRD CAPPAPPPORH FOOPF VOURE PORNY PORW DO OO R AUORD CFCRF FORDK DOOEF YHRNY JOONY DOER PRD CAERY FRRRH B0

Wi
o

DTS -System

N

Display unit

Figure 2-1: The components comprising a DTS interrogator and an overview of its principle of operation, from
the laser pulse being emitted to data display on the screen.
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DTS systems can operate using standard, multi-mode communications fiber optic cables as
well as custom designed fiber optic cables. A fiber optic cable consists of a glass core of about
50 em or 62.5 em in diameter, typically made of quartz glass which is derived from silicon
dioxide (Figure 2-2). The glass core is surrounded by the cladding, which has a different
refractive index and is designed in such a way as to maximize the total internal reflection,
allowing light to travel for several kilometers inside the cable. Surrounding the cladding is the
protective mantle, which can consist of different materials depending on the target environment
and temperature tolerance requirements.

Fiber Optical cables

/ and strengthening
cables

Protective plastic mantle =
isolation between groundwater

/and DTS cable

Figure 2-2: Internal configuration of a multi-mode fibre optic cable.

The pulse generator of a DTS interrogator launches pulses of light into the fiber optic cable at
a wavelength between 800 to 1600 nm (slightly beyond the visible spectrum) and a pulse
duration of about 10ns. As the light pulse travels along the cable, it is partially scattered back
t o the i nteeeiver.orgisatype of backscattering (Raman scattering) is induced by
thermal effects, which result in molecular oscillations of the silicon dioxide lattice due to
interactions between the photons of the laser pulse and the electrons of the molecule. The
frequency spectrum of the backscattered light is spectrally shifted compared to that of the
original laser pulse.

Backscattered light contains three main spectral components (Figure 2-3). The first is Rayleigh
scattering, by which the wavelength of the backscattered light is the same as that of the laser
pulse. The other two components are the Stokes and anti-Stokes bands, with wavelengths
above and below that of the incident light respectively. This is because the electrons of the
silicon dioxide molecules comprising the fi
energy states after collision with the laser pulse photons.

Monitoring of the FRESHMAN pilot with AH-DTS and ERT
11208170-008-BGS-0001, 17 November 2025

Deltares

ber



Rayleigh scattering

Anti-Stokes €¢— | ——vp9» Stokes

v, Brillouin scattering

__» Raman scattering
amplitude changes — 4

with temperature

Return Signal Intensity

Wavelength

Figure 2-3: The spectral characteristics of the returned backscattered signal to the DTS unit.

As the intensity of the anti-Stokes component is strongly influenced by thermal excitation,
whereas the Stokes component remains relatively unaffected, the ratio between these two
components can be used to determine the temperature along discrete points on the fiber. The
location of the temperature measurement along the cable is calculated using the travel times
of the incident and backscattered light.

21.1.2 AH-DTS
In the AH-DTS system, a constant heat input for a fixed time interval can be generated by
running current along an electrical heating cable containing a metal wire, whereby the casing
of the fiber itself acts as a resistive heater (its resistance is known beforehand). The generated
heat is evenly distributed along the heating cabl e and can be calcul a
resistance and the supplied current. A fiber optic cable coupled to this heating cable can be
used to actively monitor the generated heat pulses along its entire length.

The resulting thermal response of the fiber optic cable (Figure 2-4) during the heating and/or
cooling phase is related to the thermal properties (such as thermal conductivity and heat
capacity) of the cable, the material surrounding the cable and heat transfer processes occurring
in the direct vicinity of the cable. At high flowrates, advection becomes the dominant heat
transfer process, such that the temperature response can be related to the groundwater flow.
This is further explained in section 2.1.3.
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Figure 2-4: (a) Sensing cable configuration used to acquire the measurements. Blue arrow indicates
groundwater flow direction. (b) Resulting temperature difference when heating during low flow velocity
conditions. (c) Resulting temperature difference when heating during high flow velocity conditions. Adapted from
Bakx et. al (2023).

212 Measurement setup

2121 Cable design

The integrated fibre optic-heating sensing cable that was used to acquire the temperature
measurements used in this analysis is shown in Figure 2-5. The AH-DTS cable has been
designed to have sufficient strength for field applications, and to monitor temperature while
simultaneously providing a heating pulse at user-defined intensities and durations. The sensing
cable does not have a jacket, and the two heating wires are glued directly to the fibre optic
cables. Heat in the heating wires is created by applying an electrical current to the wire, with
the resistance of the cable causing an even heating of the wire.

~ Dualfibreopticcable

Figure 2-5: Internal configuration of the sensing cable (dual fibre optic + heating cable) used for the
measurements at the Dunea pilot site.
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Heating and data cabinet

In order to supply heat to the electrical cable, a bespoke cabinet has been developed and used
for this study. This cabinet is equipped with an onboard computer and is powered with a single
230V AC/12V DC adapter. Using the onboard computer (which can also be controlled
remotely), the duration, supplied current and frequency of the applied heat pulses from the
electrical cables can be modified and scheduled. The heating cabinet also controls the
collection of the DTS data, which are uploaded via the internet to a Deltares FTP server. Figure
2-6 - Figure 2-8 give an overview of the cabinet, monitoring, and data handling.

DTS

I

DTS USB

DTS PC

MNAS

Netwerk

Switch

’ USB netw | ’ USB netw

UsB
modem

Huawei

Voeding

(12 vDC
adapter)

FTP USB

USB netw

USB netw

’ Sierra Modem |

FTP PC

12vDC
5VDC

Figure 2-6 Graphical representation of the heating cabinet controlling the heating pulses applied to the electrical
cable. The elements within the dotted blue line represent the components within the heating cabinet.
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Figure 2-7: Schematic representation of the electrical components of the heating cabinet. The connectors on
the underside of the cabinet control the heating channels which activate the heating cables installed in the wells
of the pilot site.

Figure 2-8: The heating cabinet installed at the Dunea pilot site.
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2.1.2.3 Cable layout

The sensing cable was placed in observation wells WP FM and WP FN and the two extraction

wells (BR-001 and BR-002) in a double-e nded f ashi on, thereby enabl
upwar do6 mela srder te ansunetthat constant heat over length is supplied to the

sensing cable, the heating cable within the sensing cable was split into smaller, separate
sections. This is because supplying heat continuously along the entire heating cable would

result in an uneven heat distribution, which would complicate the interpretation of the resulting

heat curves recorded by the fiber optic cable. Sections of 12 m, 25 m and 20 m were therefore
constructed and installed in each well, as shown in Figure 2-9, which also displays the locations

of the well screens in extraction wells BR-001 and BR-002.

WP FM 5880.BR-002 5880.BR-001 WP FN

Legenda lithologie

. Kiei D Matig grof zand
[ veen [ rofzana
I:l Fijn zand

Diepte (m - mv)

[ Non-heated FO section

I Heated FO section

Figure 2-9: The interpreted lithology based on geophysical logging (see Appendix 1 for more information), the
locations of the different wells at BR-001 and BR-002, together with the arrangement of heated sections covered
by the sensing cable (integrated fibre optic + heating cable) within the observation and extraction wells of the
pilot site. The different heating sections are indicated by different colours. Aquitards are shown in grey. Well
design shown in magenta colour (for more information see Appendix).

2.1.3 Processing data

2.1.31 Raw data
Data was collected with four channels, using the Silixa Ultima DTS interrogator. Once the data
has been transferred from the DTS unit at the pilot site to the FTP server, it is next organized
in a year-week-channel folder structure on the Deltares server. From there, a script is executed
which reads the data and extracts the following information:

- The temperature data recorded along the fibre optic cable,

- The distances and timestamps over which each data point is collected,

- The temperatures of the PT100 probes placed in the warm and ambient baths (used
for calibration, see below),

- The Stokes and Anti-Stokes measurements along the fibre optic cable (used for
calibration),

- The internal temperature of the DTS unit at each timestamp.

From this data, the following data objects are created:

- A dataframe (matrix) of temperature values across the fibre optic cable with time,

- Adataframe (matrix) of Stokes and Anti-Stokes values across the fibre optic cable with
time,

- Atime series for each PT100 probe.
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2.1.3.2 Calibration
Following this step, the raw data recorded by the DTS unit needs to be calibrated continuously.
The purpose of calibrating DTS data is to correct for loss in the optical signal with distance.

The accuracy of temperature measurements depends on many factors, among which is the

cable selection, the experimental conditions in the field, the acquisition parameters and
interrogator noi se. Ot her factors include the
and consistency of the power supply, as well as the cleanliness and physical condition of any

optical connections. Moreover, bad splices, sharp bends and connectors may result in sharp

shifts in the Stokes and Anti-Stokes signals with distance, leading to sharp drops or increases

in temperature.

Since the loss due to scattering at the Stokes and Anti-Stokes wavelengths is temperature-
dependent, the temperature can be calibrated using the temperature values recorded at
sections of the fiber which are submerged in warmer and cooler (relative to the average
measured temperature) reference baths.

Within these baths, temperature is also continuously measured by separate sensors (in our

case PT100 sensors), whose data is taken as thi
data acquired by the PT100 sensors and the fiber optic cable within the reference baths at both

ends of the cable, a correction can be derived at each time step, as the different losses within

the cable and interrogator vary with time.

At a position z (m) the power of the Stokes (0(&)"Y and Anti-Stokes (0(&)0 ‘)Ysignals are
translated into temperatures according to:

T@=3r5 ga @
In s 6C - &z

B, o0 A

Where 2 (K) represents the energy shift between a photon at the wavelength of the incident

laser and the scattered Raman photon, C is a dimensionless calibration parameter and ¢U

(& ) is the differential attenuation between the anti-Stokes and Stokes signals in the fiber.

The DTS-calibration package developed by des Tombe et al. (2020) was used to perform the

parameter estimation, uncertainty calculation and final calibration on the acquired data.

2.1.33 Averaging up- and down-going signals from individual wells
Once the data has been calibrated, the portion of the data corresponding to the individual wells
is extracted using the distance markings where the fiber enters and exits the soil at the well
entrance. Following this, the data from each individual well is separated into the up-going (well
bottom to surface) and down-going (surface to bottom) signals (Figure 2-10). These signals
are then averaged to obtain a smoother spatial signal and to correct for local anomalies caused
by e.g. the cable being more loosely or tightly coupled to the pipe.
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Figure 2-10: Averaging the temperature time series from the upgoing and downgoing directions of a well.

Peak temperature and cooling curve extraction

The next step was to collect the peak temperature data and the cooling curves corresponding
to each heating cycle applied to the cable. Peak temperatures signify the highest temperature
that is achieved right before the heat is turned off during a heating cycle. Cooling curves
represent the signal from the moment the heat is switched off until the next heating cycle starts.
Groundwater flow influences the temperature response during and after the heat pulse over
time both with respect to the peak temperature (oI in Figure 2-4) and the change of the
temperature with time. The temperature at time t after shutdown of the heatpulse (t = 0) is
described by

T(t)= A +Be" ©)

With A being the background temperature, B the amplitude of the heat pulse (the peak
temperature), and Uthe decay constant that determines the rate of temperature change
(decay).

Due to differences in inflow rate along the well screen, differences in peak temperature and
decay can be expected. Both can be used to relate the temperature signal to the flow rate. With
the peak temperature, as adopted in this study, the average peak temperature along an entire
well screen is calculated by taking the (weighted) arithmetic mean of the temperatures. This
was done by processing homogenous sections of temperature response first, and then
determining the length. Alternatively, in a similar way, the average value of Ucan be found, but
this requires log-transforming equation (2) and subsequently taking the harmonic mean of the
Uvalues. Section 3.1 further describes how peak temperatures were computed.

The next step was derive a relation between the peak temperature data and the flowrates of
the extraction wells. The next step was to relate the average peak temperature along the well
screen to the total flowrate of the well and to fit an (exponential) equation to the datapoints.
Following this, using the equation, the flow rate of each section along the well screen was
calculated. This is further explained using the collected data in section 3.1.
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A key assumption in relating the temperature response to the groundwater flow rate is that heat
transport by conduction can be neglected relative to the advective heat transport. The thermal
Peclet (Pe) number describes the ratio between the two components:

Pe: rWCWqL
K

e

©)

-} w:the density of the water,

- cw, the specific heat of water,

- 3 ; the effective thermal conductivity of the porous medium
- g ; the specific discharge

- L, the characteristic length of the problem

L is taken here as 0.1 m; the characteristic distance over which heat is transported during a
heat pulse. If we take 5 m3/hr as a minimum discharge rate of the well at the well screen (where
the cable was installed), the minimum flow velocity at the well screen is about 28 m/d (0.3
mm/s). In combination with the minimum length of the heat pulse (15 minutes), this leads to L
=0.3; but 0.1 m is taken here as a conservative value. Furthermore, if we take minimal values
for J w (1000 kg/m3), cw (4184 J/(kg K)), and & (2.5 W/(m K)), the minimum Pe number is 54,
which means that advection is dominant. At the closest observation well (WP-FM; closest to
BR-002), however, Pe is about 2, which means that heat transport by conduction cannot be
neglected. Hence, based on these indicative examples, flow calculations were only made at
the pumping wells, and the AH-DTS data at WP FM and WP FN were only treated qualitatively.

ERT

Theory

Direct current (DC) electrical resistivi
proportionality between the potential difference applied across a conductor (in our case: the
subsurface) and the resulting electrical current. Earth resistivity measurements are usually
carried out using four electrodes; two for injecting a current and two for measuring the potential
difference. The ratio between the measured potential difference g and the injected current |
is proportional to the apparent resistivity } s and the geometric factor K:

_DIV =K, (0.0.4)
In case the electrodes are located sufficiently deep in the subsurface (full-space approximation;

as is the case for the ERT measurements for the FRESHMAN pilot), K is equal to:

K = 4p
e 1 1 1 1
- i S
8AM AN BM BN

(0.0.5)

If the fullspace approximation does not hold, (0.0.5) should be modified to include image
current electrodes for the deflected currents near the surface (Wilkinson et al., 2008).
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The apparent resistivity } 4 is equal to the real resistivity of the subsurface only in case of a
uniform earth. In practice, we always deal with a heterogenous subsurface. Earth resistivity
measurements are therefore used to create a model of the subsurface resistivity by inversion
aimed at approximating the heterogeneity. The goal (objective) of the inversion procedure is to
minimize the difference between the measured dataset of apparent resistivities and a forward
(response) resistivity (J bux) model. This resistivity model is a non-unique model approximation
of the heterogeneous subsurface.

From the resistivity model the fluid conductivity (ECy) can be calculated, assuming a linear
relation at a low (DC) frequency using (Revil et al., 2012):

EC, :( EGux - EQ) F ©)

Where ECypuk (reciprocal of } puk) is the bulk electrical conductivity of the subsurface, ECs the
surface conductivity (electrical conductivity in the electrical double layer at the fluid-solid/grain
interface), and F the formation factor. For convenience, we assume that an electrolyte
(groundwater) is the only fluid present in the porous medium and that we deal with saturated
conditions below the water table. For sediments in the Dutch subsurface, ECs can significantly
affect resistivity measurements (Revil et al., 2017). The formation factor F depends on the
porosity and tortuosity of the porous medium.

Formation factors and surface conductivities were derived by fitting equation (6) through the
bulk conductivities as measured by the ERT, and the measured EC,, from the hydrochemical
sampling at the observation well screens and miniscreens (Table 1-1) at various moments
during the pilot. Note that only WP FM and WP FN were available for these analyses, and that
the fitting was only applied for ECpuk Values within the vertical extent of the inversion model
(see below and section 0). Temperature corrections for ECnukand ECy, were based on a change
of 2.3% per degree Celcius (Hayley et al., 2007).

In turn, ECy can be converted to salinity and chloride content. These relationships are
approximately linear at higher salinities. At lower salinity, the relationship between chloride
concentration and EC, becomes nonlinear as other ions also contribute significantly. In this
study, we focus on ECy, , as it allows for a direct comparison with the continuously monitored
ECy of the extracted groundwater.

222 Measurement setup

For the cross-hole ERT monitoring to follow salinity dynamics in three dimensions, two extra
boreholes were made perpendicular to the line WP FO 1 WP FP (Figure 1-2). At measurement
locations WP FM, WP FN, WP FT, and WP FS an electrode array is present, consisting of 48
electrodes. The bottom electrode is located at 127 m below ground level (bgl). The electrode
spacing is 1.67 m. The 48 electrodes are distributed over a 16 and a 32 - electrode cable in
the borehole and attached to a monitoring well (Figure 2-11 and Figure 2-12). The backfill of
the borehole consists of bentonite, gravel, and sand. At WP FT and WP FS, a deep and shallow
well are installed in the borehole, where the ERT cables are attached to the deep well. At WP
FM and WP FN, more observation wells are installed, as wellas GEM cables( 6 zout wac ht e
see Table 1-1). In Appendix 1, an overview is given of the four locations where ERT cables are
installed. During the installation, the ERT cables were attached to the monitoring wells, and
thereby placed in the direction of the extraction wells.
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Figure 2-12: Electrode cable installation.

At the surface, surface cables are used to connect the boreholes to the measurement unit in
the control shed (Figure 2-13). The 32-electrode cable is thereby split into 2x16 electrode
cables. Hence, in the control shed, 12 cables of 16 electrodes enter. They are connected to
the main switch box and two multiplexers (MPT DAS-1; MPT/Iris Instruments). The MPT DAS-
1 is a 12-channel system and is used to collect a full dataset. The data is automatically
uploaded to an ftp server through the AH-DTS cabinet (Figure 2-6).

The total number of electrodes is 192. Given that each standard single measurement requires
4 electrodes, there is a very large number of potential measurements. There is simply not
enough time to collect them all. Furthermore, many of the measurements share similar
characteristics (i.e. provide information about the same volume), and it is important to have
enough measurements to capture the entire subsurface volume accurately. Therefore, a subset
of the total measurements is often used. This subset can be chosen either through a study with
synthetic data or by using standardized arrays. The former optimizes the collected data points
but requires more time, while the latter is quicker but may compromise quality.

For the monitoring experiment in the FRESHMAN-pilot, a full dataset consist of 10428
measurements. The full 3D dataset consists of standardized measurements between 2 wells
at a time (often referred as cross-borehole tomography).
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Figure 2-13: Upper figure: Left: impression of the surface cables, close to BR-001 and BR-0 0 2 ; right birc
view of the cable layout (in Dutch). Lower figure: ERT measurement unit (left) and AH-DTS cabinet (right) in the
control shed of Dunea.
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2.2.3 Processing data

From the incoming data, the raw measured resistances are first converted to apparent
resistivities using the correct geometric factors. Subsequently, noisy measurements are
smoothed out or removed by a filtering procedure. First, the contact resistance, Rs, is used as

a quality control. The contact resistance is essentially the connection between the electrodes

(our sensors) and the subsurface. If the contact resistivity is too high (higher than 5 000 Ohms),

not enough current is injected through the subsurface. We checked the contact resistivity of

the electrodes to i dent andwassessothieaumlityi ohthe indtallatidnd e | e
over-time.
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Figure 2-14: Contact resistances over the course of the pilot for electrode 192 (upper figure) and for a given
dataset of 8 hrs. per electrode number (bottom figure)
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The contact resistivity of the electrodes will vary over time (e.g., due to change in corrosion
conditions around the electrode) but overall remains reasonable low for most electrodes. We
can inspect that as a time-series for each individual electrode or as a boxplot for the whole
installation (Figure 2-14). The contact resistance stays low (<1 KOhm) during the duration of
the experiment.

Secondly, each data point is investigated separately for its quality. We expect consecutive
measurements to be similar with each other, as the changes do not occur rapidly. To produce
smoother results, we use a combination of a low-pass filter and a Butterworth filter to remove
potential outliers and faulty measurements (Figure 2-15).
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Figure 2-15: Filtering of the ERT data. In this case: a given combination of electrodes.

The filtered apparent resistivities are then used to generate the 3D electrical conductivity
models. Apparent resistivity data collected during geophysical surveys represent a distorted
view of the true subsurface resistivity distribution. These measurements are influenced by the
geometry of the electrode array and the complex layering of the subsurface, making them
insufficient for direct geological interpretation. To obtain meaningful insights into the actual
resistivity structure of the ground, it is necessary to apply inverse numerical modeling
techniques.

Inverse modeling is a mathematical process that aims to reconstruct the true resistivity
distribution by iteratively adjusting a model until its simulated response matches the observed
data. However, this process is inherently non-uniqued an infinite number of resistivity models
can explain the same set of apparent resistivity measurements. As a result, there is no single
correct solution, and the inversion must rely on additional constraints or assumptions to guide
the model toward a geologically plausible outcome.
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The inversion procedure involves solving a complex optimization problem where the model is
continuously refined to reduce the difference between measured and calculated data. This is
typically done using iterative algorithms that update the resistivity model step by step. Because
of the mathematical complexity and the non-uniqueness of the solution, electrical resistivity
inversion is considered a challenging but essential tool in geophysical exploration, enabling
more accurate and interpretable subsurface imaging. For the inversion, the open-source library
pyGIMLi is used. A mapping from original to local coordinates was used (Figure 2-16). The

local inversion grid has spatial dimensions of ~16 (x), ~18 (y) and 82 (z) m.
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Figure 2-16: Upper figure: ERT measurement locations and the two extraction locations in

Rijksdriehoekstelsel coordinates (Dutch Ordnance). Lower figure: locations in the relative coordinates of the

inversion grid.
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2.3 Combining ERT and AH-DTS

By combining groundwater flow (by AH-DTS) and electrical resistivity (ERT) measurements,
the resulting electrical conductivity of the pumped water can be derived (Figure 2-17), such
that the salinity of the extracted water can be calculated. This could, theoretically, be used to
automatically (data-driven) adjust pumping rates to minimize salinity fluctuations.
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Figure 2-17: Concept of deriving the electrical conductivity (EC) of the extracted water (ECtot) from the flux-
weighted EC.
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3 Results

3.1 AH-DTS

3.1.1 Peak temperature derivation

A key feature of the AH-DTS results is the peak (equilibrium) temperature during the heat pulse
Tek. TO compute this peak temperature, the length of each heat pulse was first determined by
extracting the maximum positive (start of the heat pulse) and negative (end of the heat pulse)
gradient of the (smoothed) temperature signal over time. Then, minimum gradients were
defined to mark the averaging period, and the arithmetic mean of the temperatures within this
period was computed to derive Ty« The results of this approach are shown in Figure 3-1 and
Figure 3-2. This approach has been used consistently for the available heating periods to
derive peak temperatures over time.
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Figure 3-1: The isolated heating phase signal (orange) selected for 4 of the 11 heating cycles shown in Figure
3-2. Averaging is then applied to the orange part of the signal to obtain a representative peak temperature
value.
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Figure 3-2: (Top) The moments of the maximum and minimum gradient values used to isolate the heating
period. (Bottom) The gradient of the temperature signal with time at a specific depth, showing the maximum
and minimum values which correspond to the moments when the heat is turned on and off, respectively.

3.1.2 Peak temperature profiles

The spatial and temporal peak temperature variations show a general relationship with lithology
and groundwater flow. To illustrate this, Figure 3-3 and Figure 3-4 depict the evolution of the
peak temperature over time for a selected period over the entire depth of BR-002 and BR-001,
respectively. On the right hand side of the figures, the well and backfill design are shown. The
bentonite seals can be readily recognized from bands with the relative high peak temperatures.
This can be attributed to the lower thermal conductivity of clay, lower groundwater flowrate, or
a combination of these. Furthermore, the distinct blue bands correspond with changes in
extraction rates, i.e. groundwater flow rate. Remarkably, these changes seem to be visible at
other locations (i.e., beyond the screens), especially in BR-002. There, the changes in flow rate
seem to be visible over a large depth range, including the upper aquifer and the clay seals. A
clear explanation for this could not be derived from the information and data at hand.

Both Figure 3-3 and Figure 3-4 are produced for a specific subset of the entire dataset and are
shown here for demonstration of the key observations. Table 3-1 summarizes the data
availability across the entire measurement period. In 2024 and 2025, many power failures due
to short-circuiting of the heating cables led to discontinuous data and peak temperatures
appeared higher after several adjustments of the hardware. A clear reason for these higher
peak temperatures has not been found. As such, most of the data after the end of 2023 have
been disregarded for further analyses.
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Figure 3-3: Peak temperatures recorded with depth in extraction well BR-001 across the longest continuous
measurement period. On the left-hand side of the central figure is the lithological description, while on the
right-hand side is the borehole description. The filter screens are also indicated. See Appendix 1 for more

information.
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Figure 3-4: Peak temperatures recorded with depth in BR-002 across the longest continuous measurement
period. On the left-hand side of the central figure is the lithological description, while on the right-hand side is
the borehole description. The extraction well screens are also indicated. See Appendix 1 for more information.
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Table 3-1: AH-DTS data availability for wells BR-001 and BR-002. A distinction is made between the
availability of raw data (temperature measurements as recorded by the instrument) and peak temperature
data (after extraction of the peak temperatures with a corresponding non-zero flow rate of the wells).

Period Well BR-001 Well BR-002
Raw data Peak temperature Raw data Peak temperature
data data
31 January 2022 i X X X
25 July 2022
25 July i 8 August X X
2022
9 August 2022 i 14 | X X X
August 2022
15 August 2022 i X X X X
31 December 2022
January 12023 i X X X X
December 31 2023
(excl. 24 April T 30
April)
18 March 2024 7 16 | X X
June 2024
28 October 2024 i X X X
16 March 2025

Peak temperature i flowrate relation

Following the assembly of the peak temperatures, the next step involved deriving the
relationship between peak temperature and flow rate. To achieve this, for each well screen the
peak temperature data were first (time-)averaged over each groundwater extraction rate
period. Subsequently, these time-averaged data were averaged over the length of the
corresponding well screen, resulting in an averaged peak temperature (Tpk). Similarly, the
average flow rates of the extraction well screens were normalized by the total length of the
screen (Qnr). As expected, higher peak temperatures related to lower normalized flow rates and
vice versa. An exponential function was then empirically fitted through the datapoints, by first
log-transforming the Qns values, perform a linear fit, and subsequently back-transform to yield
the exponential relationship

_ aT,+b
an =€ . (7)

The resulting data are shown in Figure 3-5, including the fitting coefficients a (-1.02) and b
(14.42). A standard deviation of Qn of 1.1 m3/h/m was calculated from the comparison of the
measured and calculated Qnr. BR-001.2 was, because no peak temperature vs. flow rate data
were available, not further analyzed with respect to variable inflow of groundwater into the
screen.
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Figure 3-5: Top left: linear fit of mean peak temperatures Tpk vs log-transformed measured normalized
extraction rate per unit screen length (Qnf) from all the well screens in the study area, for various extraction
periods. Top right: measured vs. calculated Qnf. Bottom: Tpkand measured untransformed Qny, including fit
and confidence interval based on the standard deviation of measured vs. calculated Qnf .

Given the apparent clustering of screen-datapoints in Figure 3-5, a fit per screen was also
performed, even though 1) insufficient data points were available, especially for the screens
BR-001.1 and BR-002.1, 2) and a clear physical evidence for treating screens separately (the
screen diameter and backfill material was equal over the different screens considered) was
lacking. The individual fits are shown in Figure 3-6, their corresponding standard deviations in
Table 3-2. The errors are clearly smaller compared to the general fit. This may partly be
explained by the number of datapoints, but seems to also be related to some screen-specific

relationship between peak temperature and flow rate.
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Figure 3-6: Tpkand measured untransformed Qny, including fit and confidence interval based on the standard

deviation of measured vs. calculated Qns for the four individual screens considered.
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Table 3-2: Standard deviations of the fits of the individual screens (see Figure 3-6).

Screen Standard deviation fit (observed vs. predicted)
BR-001.1 0.06
BR-002.1 0.11
BR-002.2 0.53
BR-002.3 0.48
3.14 Flow variability within each well screen

Figure 3-7 depicts the peak temperatures along the depth of the screens of BR-002 during the
second half of 2022 (Phase 1), when the pump of each of the screens was extracting. A
variation of the peak temperatures with depth can be observed in each screen, suggesting non-
uniform inflow of groundwater. This, in turn, could be related to lithology (hydraulic
conductivity), such as suggested by the match of relatively higher peak temperatures in BR-
002.3 between 108 1 108.5 m bgl and the interpreted clay layer at this depth based on the
open hole geophysical logging. To further analyze this, relatively uniform peak temperatures
depth sections were first defined, based on qualitative inspection of the variation of the peak
temperatures with depth. The segmentation into sections for well BR-002 is, for illustration
purposes, shown in Figure 3-7. Table 3-3 shows an overview of the depth ranges of the
different sections BR-002. For BR-001.1, screens 1a and 1b (Figure 3-3) were not further
subdivided but only compared with each other as relatively little variation of peak temperatures
was observed. The only exception was the small band of relatively high peak temperatures in
screen la around 61.5 m bgl, but this was considered too thin to form a distinct zone of inflow.
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Figure 3-7: The division of well screens BR-002.1, 2.2 and 2.3 into separate sections that suggest different
flowrates.
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Table 3-3: Overview of the section numbers and their corresponding depths and lengths for BR-002.

Screen Section number Top section (m bgl) Bottom section (m bgl) | Length (m)
BR-001.1 1 61.5 66.5 55
BR-001.1 2 71 75.8 4.8
BR-002.1 1 90 91.5 15
BR-002.1 2 91.5 92.5 1
BR-002.1 3 92.5 94 1.5
BR-002.2 1 98 101 3
BR-002.2 2 101 102 1

BR-002.3 1 105 107 2

BR-002.3 2 107 109 2

Subsequently, average temperatures in these sections were determined, multiplied with
equation (7) and the screen length, and then normalized by the calculated total flow through
the screen, again using (7) and the total length of the screen. These data, as a function of the
measured flow rates per unit screen length, are shown in Figure 3-8 - Figure 3-11. The ratio
of the total predicted and measured flow rates are also shown here to indicate the accuracy
of the empirical relationship to predict the total flow rate of the well. Table 3-4 summarizes the
contribution of each section per well screen.
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Figure 3-8: Contribution to flow for each section in BR-001.1, and the ratio of the measured vs predicted total

flow rate of the well.
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Figure 3-9: Contribution to flow for each section in BR-002.1, and the ratio of the measured vs predicted total
flow rate of the well.

BR-002.2

144 ® Section 1 ® Measured - Predicted ratio | 1.4
ot Section 2 (]
© ®
c -+ L
5 1.2 1 ] 1.2
o
g . 2
% 1.0 ® F1.0 £

e

™ [ ® ]
: ’ ‘e <
5 0.8 - -0.8 g
+ o
5 .
S 0.6 L 0.6 ©
o >
—_ w
5 ®
S 0.4 - 0.4 =
]
2
T
< 0.2 1 0.2
o

0.0 : - . ; 0.0

0 2 4 6 8 10

Measured extraction rate per unit length of screen (m3/h/m)

Figure 3-10: Contribution to flow for each section in BR-002.2, and the ratio of the measured vs predicted total
flow rate of the well.
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Figure 3-11: Contribution to flow for each section in BR-002.3, and the ratio of the measured vs predicted total
flow rate of the well.

Screen BR-001.1 shows a predicted flow rate within approximately 10% of the measured flow
rate. The ratio increases with increasing flow rate, whereas the relative contributions seem to
be constant over the range of flow rates considered and their sum is close to 1. This implies
that the accuracy of the empirical relationship for this screen is highest at around 4 m3/hr/m,
and decreases with increasing and decreasing flow rate, in line with Figure 3-5. Most of the
flow comes from the upper section of BR-001.1. Both deviations from the ideal measured-
predicted flow ratio and sum of the relative contributions of the sections are mostly attributed
to the uncertainty of the empirical relationship between Qn and Tpk. This may be improved
using screen-specific relationships; this is discussed further below.

For screen BR-002.1, a consistent contribution of the lower section can be observed over the
considered range of measured extraction rates, whereas the upper two sections show some
deviations; section 3 tends to contribute more with increasing flowrate, and section 2 vice versa.
The sum of the relative contributions of each section is close to 1. The measured 1 predicted
ratio of the total flow is 1 at a flowrate of about 2.5 m3/hr/m, and shows an increasing trend with
increasing flowrate.

In screen BR-002.2 the measured i predicted ratio is always higher than 1; the predicted flow
is underestimated, consistent with Figure 3-5. Also, the sum of the individual contributions of
the sections is higher than 1. When correcting for this by normalizing the sum of the individual
relative contributions to 1, the relative contributions of sections 1 and 2 amount 0.83 and 0.17,
respectively.

40 of 67 Monitoring of the FRESHMAN pilot with AH-DTS and ERT
11208170-008-BGS-0001, 17 November 2025

Deltares



In screen BR-002.3, an overestimation of the total flow can be observed, again in line with
Figure 3-5 (green points lie below the fitted curve). Only at higher flowrates the measured-
predicted ratio approaches 1. The contributions of sections 1 and 2 show a more stable
behaviour with the considered flowrates, but their sums are consistently higher than 1.
Correcting for this leads to relative contributions of 0.64 and 0.36 for sections 1 and 2,
respectively. Table 3-4 gives an overview of the different contributions. The relative
contributions have been rounded off by a single decimal, given the sparse data in many of the
considered screens.

Table 3-4: Relative contributions to the total flow based on the general and screen-specific empirical
relationship and corresponding lengths of the different screen sections. The relative contributions have been
rounded off by a single decimal, given the sparse data in many of the considered screens.

Screen Section Indicative relative Indicative relative Relative length of the screen ( -)
number | contribution contribution based

based on general on screen -specific

empirical empirical

relationship ( -) relationship ( -)
BR-001.1 | 1 0.3 0.2 0.53
BR-001.1 | 2 0.7 0.8 0.46
BR-002.1 | 1 0.4 0.4 0.375
BR-002.1 | 2 0.1 0.1 0.25
BR-002.1 | 3 0.5 0.5 0.375
BR-002.2 | 1 0.8 0.8 0.75
BR-002.2 | 2 0.2 0.2 0.25
BR-002.3 | 1 0.6 0.7 0.5
BR-002.3 | 2 0.4 0.3 0.5

In Figure 3-12 the contribution to flow for each section for each of the screen, and the ratio of
the measured vs predicted total flow rate of the well, using screen-specific empirical
relationship between peak temperature and flow rate are plotted, analogously to Figure 3-8 -
Figure 3-11 for the single empirical relationship. Except from BR-002.3, a measured/predicted
flow ratio of around ~1 can be observed, without a clear trend with the flow rate per unit length
of screen. This indicates the better fit of the empirical relationship based on the individual
screens. For BR-002.3, the spread it somewhat higher, in line with the higher standard
deviation of the empirical relationship, but a clear trend with flow rate is absent.

With respect to the individual contributions of the different sections, at screen BR-001.1 and
BR-002.3 the variation of the flow distribution of the different screens is more pronounced (and
in-line) using the screen-specific empirical relationship compared to the general empirical
relationship. At the other two screens, no significant changes between the screen-specific and
general empirical relationships can be observed. In the remaining part of this section, the
results of the general empirical relationship is used because especially for BR-001.1 only 3
datapoints were used for the fitting.
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Figure 3-12: Contribution to flow for each section for each of the screen, and the ratio of the measured vs
predicted total flow rate of the well, using screen-specific empirical relationship between peak temperature
and flow rate.

Comparing the relative contributions of the different sections of the screens with their
respective relative lengths (Table 3-4), shows that the flowrate per unit screen length can vary
between the different sections. For BR-001.1, the inflow rate in the lower section 2 screen 1.b
is higher than in the upper section (screen 1.a). This seems to correspond with a higher
contribution of coarse sand at the depth transect of screen 1.b, as inferred from the lithological
interpretation of the geophysical borehole logging. In BR-002.1, section 2 shows a small
contribution to the total flow (0.1) compared to its relative length (0.25), whereas in section 3
the flowrate is higher. Section 2 can be readily recognized from the relatively high peak
temperatures (Figure 3-7). However, no clear relationship can be seen with the lithological
interpretation of the geophysical borehole logging and the lithological description of the
samples. The latter does show that the median grain size between 93 and 94 m bgl is slightly
higher (320 um) than between 90-93 (300 um).

In BR-002.2 the relative contributions of the sections generally are more in line with their
respective lengths. This seems to be in line with the relatively uniform lithology (coarse sand).
Lastly, BR-002.3 shows that the flowrate in section 1 is higher than section 2. In both the
lithological interpretation of the geophysical borehole logging and the lithological description of
the samples, there are indications of a higher clay content, which may limit the groundwater
flow rate.
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3.2 ERT

ERT data was collected without significant gaps during the course of the pilot. Only in three
cases 1-3 days of data were not collected. In all cases this was due to permanent power cuts,
and manual start-up of the system was required. Data were collected every 8 hours.

3.2.1 Resistivity dynamics in relation to pumping regime ; Wenner data
Figure 3-13 shows the raw (non-inverted) vertical electrical resistivity distribution from January
1, 2022 to March 20, 2025, at the locations WP FM, WP FN, WP FS, and WP FT, as well as
the pumping regime during phases 1-4. These resistivity data concern electrode combinations
using a Wenner array (equal distances AM, MN, and NB electrodes), with the shortest electrode
spacing of 1.67 m. These data are referred

The influence of the lithology (aquifer sediments as well as backfill) on the Wenner data is
evident, for example by the yellow bands indicating bentonite seals and formation clay. At all
locations, the idle period prior to the start of the pilot (January 2022) , the result of the brackish
water extraction, and changes in the pumping regime during Phase 1 and 3 can be clearly
recognized by the downward expansion of higher resistivities. These changes are generally
also visible in the EC,, dynamics of the extracted groundwater from the wells (Figure 3-14).
Note that in these and other resistivity plots, the resistivity is inversely related to the salinity.

The upward movement of the saline groundwater between the end of Phase 1 and the start of
Phase 2 (the extraction wells being idle) and during Phase 2 is indicated by decreasing
resistivities. During Phase 2, the saline groundwater migrated higher compared to the initial
situation before the start of Phase 1. In Phase 4, the simultaneous extraction of fresh and saline
groundwater also led to upward movement of the saline groundwater, but at a slightly lower
rate and less pronounced compared to Phase 1. These observations generally are in line with
other monitoring data, such as the GEM and geophysical logging measurements (not further
described here).

Comparing the four locations also indicates that the saltwater upconing is more severe at WP
FM and WP FS compared to WP FN and WP FT. This is probably related to their smaller
distances to BR-002, and is in line with what was observed in the geophysical logging
monitoring. The apparent blue zone during Phase 2 around 70 m at WP FT compared to WP
FS could possibly be explained by the absence of a bentonite seal, which could influence both
the absolute resistivity as well as stimulate a faster downward flow of (possibly) high-
resistivity/freshwater through the sandy backfill towards the well screens.
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Figure 3-13: Pumping rates of the different wells (BR-001.1, BR-001.2, BR-002.1, BR-002.2, BR-002.3) and

ERT data (Wenner array, with shortest electrode spacing) over the duration of the pilot.
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Figure 3-14: ECw of the different wells (BR-001.1, BR-001.2, BR-002.1, BR-002.2, BR-002.3) and ERT data
(Wenner array, with shortest electrode spacing) over the duration of the pilot.

3.2.2 Inversion settings
It was discussed previously that inverse numerical modeling is needed to assess the
distribution of the electrical resistivity in the subsurface. There are several settings that needs
to be tuned properly in order to receive a more realistic representation of the subsurface.
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Some settings influence the accuracy of the models (mesh type, mesh size, number of
iterations) while some others influence directly the output (constraints). There is no unique
solution, therefore the solution needs to be estimated based on prior knowledge about the
subsurface. Inverse numerical modeling is a very computational expensive problem to solve.
As an example, a full 3D dataset can take up to 24 hours to be inverted if not optimized properly.

Initially, we decided to analyse 2D datasets (cross borehole measurements between the wells).
That gives us the opportunity to dAtryo differ
understanding of what works well for our case.

Several approaches have been used to evaluate the most appropriate for the use-case. First,

a data-driven approach where the data are inverted without any additional constraints or
information. Next, an approach where the lithological information (available through logging

data) is used as a starting model. Also, an approach where the values from the GEM data is

used (as additional resistivity datapoints). Lastly, an approach where additional mathematical
constraints are applied to the data, specifically a higatirodhoomngio]
which is known to better resolve horizontal layering.

As an example, in Figure 3-15 the different resistivity models are produced for the same dataset
(February 2022, cross borehole between WP FM 1 WP FN) using different approaches. It is
evident that tuning is needed to provide realistic models that align with our understanding of
the subsurface system. That process requires expert knowledge of the mathematics behind
the inverse numerical modelling and needs to be chosen appropriately by an expert.

Lastly, we experiment with the full 3D mesh type and size in order to use a mesh that is accurate
enough to produce good data and also have a relatively small size to make it possible to
compute the results in a timely manner. That step is extremely important because for large 3D
models it is not possible to use a very fine mesh; the computational time and necessary
resources are not viable.

For reference, the use of a very fine mesh would require more than a day on a supercomputer
for each 3D dataset to be computed. In comparison, when optimized appropriately, a coarser
mesh would provide equally accurate results within an hour on a standard laptop or PC. Based
on this information, the settings for the full 3D inversion were chosen.
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Figure 3-15: Examples of testing of different inversion settings in 2D models. (left: default settings, middle:
with geophysical logging data as starting model, right: with GEM data as starting model.

3.2.3 Inversion results
Figure 3-16 depicts the 3D result of the inverted ERT data prior to the start of the pilot, on
January 9, 2022. A distinct resistivity zone of about 1-2 m is clearly present around the
electrodes, and the backfill is not recognizable beyond that zone. As described, this is not the
case for the Wenner data (Figure 3-13).

As expected, the inversion model considers the non-uniform resistivity distribution normal (in
the radial direction) to the electrode array. In general, the distinct zone around the electrodes
does not seem to have a straightforward relationship with the salinity distribution, but rather
seems to be related to the resistivity distribution close to the cables (e.g., the backfill). For this
reason, the ERT results from the inversion model have not been used to derive (apparent)
formation factors (see section 0). Comparing the inversion results with the Wenner data from
Figure 3-13 shows that in the freshwater zone (relative higher resistivities), the resistivities in
the inversion model are generally lower than in the Wenner data.
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Figure 3-16: 3D inversion result of data collected prior to the start of the pilot (January 9, 2022), on linear (left)
and log10 (right) resistivity scale. For a location overview on the local inversion grid, see Figure 2-16.
Resistivity refers to the bulk resistivity (} bui).

The inversion model also shows a zone of relatively lower resistivities between ERT cable
locations WP FM, WP FN, WP FS, and WP FT, between 80 and 90 m bgl (z =-80 and -90 m).
This is more clearly visible in the cross section along WP FM i WP FN, shown in Figure 3-17.
This zone remains present during the course of Phase 1 (Figure 3-18); on January 14, 2023, it
is now also present between z = -90 and -100 m. As neither the borehole logging, GEM, nor
hydrochemical monitoring data (not shown here), confirm the presence of this zone, it is
considered as an artifact of the inversion model. Wi t h 6arti facté, we refer
other observations. The position and asymmetry of the higher resistivity zone suggest that the
artifact is related to the extraction wells, but the lower coverage of the inversion model
presumably also plays an important role. The lower resistivities (roughly indicating the saline
groundwater) and sharp contrast in resistivity (roughly indicating the transition from brackish to
saline groundwater), seem less affected by the artifact; the red colours show a freshened zone
of about 10 m, in line with amongst others the Wenner data in this period. Also the zone above
z = -80 m seems less affected by the artifact.
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Figure 3-17: Upper figure: Vertical cross section through WP FM and WP FN and the two extraction wells, for
the resistivity distribution on January 9, 2022. Lower figure: top view, showing the location of the profile, the

numerical grid, the resistivity distribution at the top of the inversion model, and the locations of the extraction
wells and observations well where ERT cables are installed.
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Figure 3-18: Upper figure: Vertical cross section through WP FM and WP FN and the two extraction wells, for
the resistivity distribution on January 14, 2023. Lower figure: top view, showing the location of the profile, the
numerical grid, and the locations of the extraction wells and observations well where ERT cables are installed.
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3.2.4 Derivation of formation factors and  porewater conductivity from Wenner data
Figure 3-19 depicts examples of fitting equation (6) through the bulk conductivities as
measured by the ERT (Wenner data), and the measured EC,, from the hydrochemical sampling
at the observation well screens and miniscreens. Note that the bulk resistivities have been
converted to bulk conductivities to enable the linear fit. The results of all fitted values can be
found in Appendix 2. The EC, was corrected for a temperature of 12 °C (assumed average
temperature of the ECpuk). Screens between ~85 m bgl and 105 m bgl, such as WP FN screen
8 (88.5 m bgl) and WP FM screen 12 (104.5 m bgl), have been subjected to significant
variations in ECy and, hence, ECpuk. The fitting is therefore based on a relatively wide range

and is more representative than for example above 85 m bgl (e.g., WP FM screen 4) and 105
m bgl (e.g., WP FM screen 13).
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Figure 3-19: Examples of fitting equation (6) through the ECouk, and the measured ECw at various moments in
time.

Table 3-5 shows the results of the derived F and EC for each considered screen. When we
consider only those values that were derived within the range where significant changes in
salinity took place during the pilot, some observations can be made:

The surface conductivity is, except for some of the lower screens, zero. At screen 12,
a negative surface conductivity is obtained. These values suggest a relative small
contribution of the surface conductivity on the ECpui in the Pleistocene sediments from
the Peize/Waalre formation, in contrast to previously derived surface conductivities
from Holocene sediments in Zeeland (Revil et al., 2017).

- The formation factors derived for WP FM are generally lower than for WP FN.
- The formation factorsd on6t show a clear rel ati

onship
formation factors for coarser sand).
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this way can

represent the contribution within the sensitivity zone of the MN potential electrodes of the
Wenner array, with an electrode distance of 1.67 m. Taking the three dimensional nature of the
current flow into account, factors that influence the formation factor are the natural formation,
the backfill of the borehole, and the observation wells (the well where the ERT cable is attached
to, and the other observation wells). These factors may vary significantly over depth, and
between the different boreholes. Nevertheless, the computed mean (4.6) and median (4) of the
formation factors between 85 and 105 m bgl, including the low surface conductivity, are
indicative for medium to coarse sand, which is in line with the lithological interpretation of the
drill cuttings and geophysical logging (Appendix 1). In the inverted resistivity model, the
influence of the natural formation increases with increasing distance from the resistivity cable,

and for mat.i
model cells.

on

factors

mor e

y resembl e

Table 3-5: Derived formation factor (F) and surface conductivities (ECs). Depths where relative small
variations in ECw and EChu Wwere measured during the pilot, which make the fitting and the derivation of F and

ECs highly uncertain, have been marked in orange.

Screen Depth (m bgl) Derived F Derived ECs
WPFM 4 63.5 2.8 0
WPFN 4 63.5 7.4 0
WPFM 5 80.5 6.3 0
WPFN 5 80 16.7 0
WPFM 6 83 5.6 0
WPFN 6 82.5 -0.6 1
WPFM 7 86.5 2.7 0
WPFN 7 85.5 8.1 0
WPFM 8 89.5 3.8 0
WPFN 8 88.5 6.6 0
WPFM 9 92.5 3.2 0
WPFN 9 91.5 4.6 0
WPFM 10 95.5 2.9 0
WPFN 10 94.5 4.2 0
WPFM 11 98.5 5.2 0
WPFM 11 97.5 7.6 1
WPFM 12 104.5 3.4 -2
WPFM 12 103.5 2.3 -5
WPFM 13 109.5 826 7
WPFM 13 109.5 20 5
WPFM 14 122.5 5.7 2
WPFM 14 121.5 -42.84 10

With an indicative formation factor of 4.6 and a surface conductivity of 0 mS/cm, we derived
the ECw. Figure 3-20 shows this conversion and the development of ECy, over time. The 3 and
25 mS/cm contours have been used here as an indication of the fresh-brackish and brackish-

saline interfaces.
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Figure 3-20: Indicative ECw at reference temperature of 25 °C at WP FM. The black contour represents the 3
(upper) and 25 (under) mS/cm value.

3.25 Porewater conductivity of the extracted groundwater

At the extraction locations, where no Wenner data was available, the inversion model results
were used to compare the ECy, of the extracted groundwater with the ECpui from the inversion
model, multiplied with the formation factors and weighted with the relative contributions of the
screens based on the AH-DTS results (see section 0; for BR-001.2 a uniform inflow was
assumed). Indicative formation factors for screens BR-001.1, BR00-1.2, BR-002.1, BR-002.2,
and BR-002.3 were based on Table 3-5 and defined at 4.6, 4.6, 3.7, 4.6, and 3.0, respectively.
This comparison is shown in Figure 3-21.

Some agreement between the measured and estimated EC,, patterns and their dynamics can
be observed, but in general, there is a significant deviation between the two. In Figure 3-22 an
attempt was made to match the measured EC, with the estimated EC. by lowering the
formation factors for screens BR-002.1, BR-002.2, and BR-002.3, where the largest variation
in ECy is present, with values for F = 2.1, 3, and 1.2, respectively. The lowering of the formation
factor is in line with what was found by comparing the resistivities in the inversion model with
the Wenner data, where lower resistivities were found in the inversion model. The general
trend, however, is similar. Despite the improvement, still significant deviations can be observed.
An attempt was made to see to what extent changing the contribution of the different sections
of the screens would improve the results (not shown here), but the computed EC,, is clearly
dominated by the artifact in the inversion.
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Figure 3-21: Upper figure: Measured ECy of the extracted groundwater at screens recalculated to 12 °C and
estimated ECwbased on ERT at the corresponding locations of the screen in the inversion model. Indicative
formation factors for screens BR-001.1, BR00-1.2, BR-002.1, BR-002.2, and BR-002.3 were based on Table

3-5 and defined at 4.6, 4.6, 3.7, 4.6, and 3.0, respectively.
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Figure 3-22: Like Figure 3-21, but then with adapted formation factors 2.1, 3, and 1.2 for screens BR-002.1,
BR-002.2, and BR-002.3, respectively.

3.2.6 3D flow towards the well screens
To analyse the three dimensional flow towards the wells, Phases 1 and 2 of the pilot were

selected for data processing, as BR-001 and BR-002 were not active simultaneously during
these phases. In Figure 3-23, a two-dimensional section of the resistivity distribution on June
1, 2023, along the circumference of a circle with a radius of 5 m and centred at BR-002, is
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shown. This moment is towards the end of the brackish water extraction of Phase 1, when BR-
002 was active.
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Figure 3-23: Upper figure: surface slice of the inversion model at the top of the inversion model, indicating the
radius around BR-002 where the resistivity distribution along the circumference of a circle with a radius of 5 m
and centred at BR-002 is plotted (lower figure).
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In this section, the upper clay layer, the relatively higher resistivities below this layer, and the
previously discussed artifact close to the extraction wells can be recognized. The 1 g m contour,
indicating saltwater conditions and assumed to be less influenced by the artifact, indicates no
preferential flow within 5 m from BR-002. Hence, at this scale, the salt transport towards the
extraction screen during brackish water extraction can probably be approximated as radial.

Similarly, a 5 m radius around BR-001 was analysed to see the effect of freshwater extraction
during Phase 2. The bulk resistivity distribution on March 1, 2024, at the end of the Phase 2, is
shown in Figure 3-24. The 1 qm contour shows more variation compared to the situation
towards the end of Phase 1, with more saltwater upconing southwest of BR-001 and less in
the northeastern direction. To investigate this further, a SW-NE vertical cross-section of the
bulk resistivity through WP FM, BR-002, BR-001, and WP FN was made (Figure 3-25). The
cross-section confirms the asymmetry indicated in Figure 3-24. From the difference in saltwater
upconing at WP FM and WP FN (Figure 3-13) a similar conclusion can be drawn. The most
likely explanation for this asymmetrical saltwater upconing is regional groundwater flow, which
for the fresh groundwater indeed is in southwestern direction (from the infiltration ponds of
Dunea towards the city of The Hague) and would, at least conceptually, lead to more saltwater
downstream of BR-001 compared to upstream. Other possible explanations are rotational flow
due to the density differences or preferential flow related to a heterogenous subsurface.
Groundwater flow and solute transport modelling could give further insight into the plausibility
of these factors on this asymmetric saltwater upconing.
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Figure 3-24: Upper figure: surface slice of the inversion model at the top of the inversion model, indicating the
radius around BR-001 where the resistivity distribution along the circumference of a circle with a radius of 5 m
and centred at BR-001 is plotted (lower figure).
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Figure 3-25: Upper figure: cross section of the inversion model results on March 1, 2024. Location of the
transect is shown in the lower subfigure.
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4 Discussion

4.1 Insights AH-DTS and cross-hole ERT and added value compared to
other techniques

The AH-DTS data showed that at the extraction wells, the distribution of peak temperatures
along the screens was not uniform. Different zones of uniform peak temperatures were defined,
in which no variation of inflow in depth was assumed. In this way, different zones with different
inflow rates were derived using an empirical relationship between peak temperature and
groundwater flow rate, both by considering all screens together and by deriving screen-specific
relationships. The relationships are specific for this project and should not be used directly in
other applications. Moreover, the relation has a finite applicability; at low flow rates, the Peclet
number is low, such that heat transport by conduction cannot be neglected anymore. At higher
flow rates, the amount of heat produced may not be sufficient to create a significantly higher
peak temperature relative to the accuracy of the temperature measurements and the
background temperature.

The AH-DTS data acquisition was therefore successful in demonstrating a clear relationship
between peak temperature and flowrate, aligned with the hypothesis that higher flowrates lead
to lower peak temperatures and vice versa. More importantly, the value of the AH-DTS
technique was shown to lie in detecting spatial variability in the flowrate within each screen and
high-frequency data acquisition. The ability to detect changes in flowrate at this scale has
important implications, notably in the performance of each well screen as well as for the
detection of processes such as well clogging, which could be the subject of follow-up work.
Other techniques, like well flow measurements (either mechanically, acoustically, or tracer
(temperature)-based techniques) are too labour-intensive to be deployed for regular
monitoring, as the pump needs to be removed each time the tool is used. Alternatively, the
inflow distribution can be determined with these kind of tools prior to the start of a pilot or normal
operation. To further determine this, insights need to be developed into the vertical resolution
of both techniques, their accuracy, and whether monitoring of the inflow is desired, for example
in case of a risk of clogging. In the latter case, AH-DTS could be a better alternative to other
techniques. The added value of AH-DTS compared to other flow monitoring techniques is
currently investigated in another TKI project on groundwater flow sensors.

From the ERT data, two- and three-dimensional images of the resistivity distribution could be
generated, which yielded insight into the salinity dynamics during the pilot. The raw resistance
data showed overall low contact resistances, indicating good overall data quality. The
calculated resistivities at the shortest electrode spacing, which were used to infer two-
dimensional (time-lapse) images of the resistivity dynamics along the depth of the boreholes,
showed an expected influence by the backfill of the boreholes, but also a good correlation with
the pumping regime. Comparison with the hydrochemical sampling suggested a negligible
surface conductivity, but data were often insufficiently present in the zone were surface
conductivity becomes the dominant pathway for electrical current. The inversion results also
indicated a correlation with the pumping regime, but were prone to artifacts at the depth of the
brackish water extraction screens, showing amongst others an unrealistic zone of lower
resistivities during Phase 1.

60 of 67 Monitoring of the FRESHMAN pilot with AH-DTS and ERT
11208170-008-BGS-0001, 17 November 2025

Deltares



The raw ERT data and inversion results suggest a symmetrical salinity distribution at the scale
of the inversion model during phase 1 (brackish water extraction), and an asymmetrical salinity
distribution during phase 2 (freshwater extraction and saltwater upconing). A possible
explanation for this, is regional groundwater flow (negligible in the saline groundwater,
significant in the fresh groundwater). Other possible explanations are rotational flow due to the
density differences or preferential flow related to a heterogenous subsurface. Numerical
variable density groundwater flow models can be used to further investigate this.

Regarding the added value of cross-hole ERT versus other (geophysical) monitoring
techniques or methods such as the GEM measurements or electromagnetic methods (EM-
induction borehole logging); they fundamentally lie in automatization (automatic vs. manual)
data frequency (in the current case: 8 hr versus ~2 weeks of other techniques, see Table 1-1,
although GEM cables can be automated), and spatial characteristics (volumetric versus point
data of other techniques). The fact that the electrical current distribution in an ERT
measurement is three-dimensional, and that multiple measurements are carried out combined
with inversion to derive a 3D resistivity model of the subsurface further distinguishes ERT from
the other techniques used in this project. Coupling of 3D ERT data (model cells) to for example
density dependent groundwater flow and solute transport models is then more evident than
point data, although conversion of the geophysical data to porewater salinity remains an
important step. Furthermore, a crucial step in the data processing is the inversion, and if
artifacts are an issue there, this can be a risk with respect to further deriving useful information,
as was the case in the current project. This is a drawback compared to data that does not
require (extensive) processing.

Lastly, the added value of both ERT and AH-DTS compared to other techniques also depends
on the objective of the research (e.g., a pilot) or operational management of wells for extraction
of brackish groundwater. In the evaluation of this project, this will be further discussed in the
light of future operation management and monitoring of brackish water extraction.

4.2 Automated data collection and validation AH-DTS and cross-hole ERT

AH-DTS data handling during the pilot led to significant challenges. Amongst these, the large
volume of data which needed to be acquired, stored, and transferred through ftp resulted in the
need for rigorous checks of data quality, several changes in transfer protocols and data saving
structures (folder structure, file formats). Follow-up work should better account for these
aspects in order to minimize the volume of data (e.g. by saving binary files, isolating segments
of interest etc), and have pre-defined data transfer protocols and backup procedures.

Tailor made solutions were used to securely transfer the data from the field site to servers and
create backups. However, power failures were a cause of significant breaks in the overall data
acquisition, partly due to electrical leakage of heating cables but also general power failures.
As grid electricity was available onsite, the latter was not anticipated at the start of the project.
Thorough investigation of site-specific electricity supply should be undertaken prior to
installation of monitoring equipment in order to anticipate potential similar pitfalls. Also, the
lifetime of heating cables and their design should be improved. Enabling a better automated
start-up of the system and robust warning systems will improve future data collection.

Unlike the AH-DTS, for the ERT monitoring a commercial instrument was used, which was
programmed to re-initiate after short grid power shutdown. This system was connected to a
different electricity supply circuit, so electricity issues related to the AH-DTS system were not
of influence to the ERT data collection. The instrument is supported by commercial software
that could take care of the data collection in a reliable way, provided that the instrument is
paired with a computer which runs the software. This led to a more robust data-acquisition.
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Like with the AH-DTS, robust warning systems should improve future data collection to start-
up ftp data transfer soon after problems have been detected and solved.

4.3 Challenges and possibilities of data processing AH-DTS and cross-hole
ERT

For support of operational management of the wells, the processing of the ERT and AH-DTS
data in an automated manner to validate the data (data quality) but also processing data into
useful information is extremely important in monitoring experiments; after all, automatically
collecting data is not useful for unless information can be drawn from it automatically. This was
not a specific goal of the project, but for future applications this is an important point of attention.

The processing of (validated) ERT data, especially for big 3D datasets and inversion, is non-
trivial and can be extremely challenging and computationally demanding. Creating data
pipelines and ensuring that the collected data go through an automated process of quality
assurance, filtering, inverse numerical modelling and are prepared for visualization and
extraction of useful information is important. However, that process cannot be a black box and
needs to be tuned appropriately by an expert based on the size of the experiment and the
knowledge about the subsurface conditions and the objective in mind. Conversion of the ECpuk
to ECy is also a non-trivial step and often requires calibration based on ground-truth data (e.g.,
hydrochemical sampling). Examples of objectives are the freshwater-saltwater interface (based
on some predefined ECpux or ECy value, see Figure 4-1). Regarding AH-DTS, the direct use
of information is perhaps less critical, and efforts should be made prior to monitoring to
effectively develop a relationship between peak temperatures and flowrate.
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Figure 4-1: lllustration of extracting a saltwater-freshwater interface based on a resistivity threshold.
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