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Abstract

Reliably estimating groundwater fluxes near groundwater abstraction sites is important for sustainable groundwater
management. One approach to estimate these fluxes is through the analysis of temperature-depth profiles (TDPs) at
deep (=50m) boreholes. This approach assumes that the temperature field will stabilise within 50 years, as indicated
by some observations. In this study, the validity and impact of this assumption is tested. A combination of repeated
TDPs, recorded in 2016/2018, 2023 and 2024 are compared to a conceptual transient 3D model to investigate
the non-stationarity of temperature-depth profiles. Results show that TDPs are a valuable tool to estimate the
vertical fluxes over an aquitard. However, while temperature profiles seem stable after 50 years, the model shows
an underestimation of vertical fluxes, even after 180 years. The stabilization and accuracy are dependent on the
flow rate over and thickness of the aquitard, where an increased flow rate and decreased aquitard thickness both
increase accuracy. This study furthermore highlights the e [edt of climate change on the interpretation of TDPs and
problems for interpretation when the aquitard of interest is relatively shallow (<50 m). These results highlight, on
the one hand, some limitations in accurately determining groundwater fluxes near groundwater abstraction sites, but
at the same time emphasize the importance of continuing temperature measurements to provide a temporal image of
temperature-depth profiles and continue to improve understanding of the stability and accuracy of inferring vertical
groundwater flow from TDPs.
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1 | Introduction

Groundwater is a vital source of drinking water, with ned aquifers (Pradhan et al., 2023). To estimate how
more than 2.5 million people worldwide relying on large these uxes inside an abstracted con ned aquifer
groundwater (Shaji et al., 2021). In the Netherlands, are, groundwater source and uxes needs to be deter-
60 percent of all drinking water comes from groundwa- mined.
ter sources (van Driezum et al., 2020). Groundwater has Currently, groundwater origin is determined by
multiple advantages over surface water. Groundwater is groundwater age, the time groundwater is in the soil
naturally cleaner due to its natural ltration through the since recharge. This can be estimated by sampling wa-
soil, which reduces pathogens and contaminants, result-ter, and applying various methods in the lab to ob-
ing in lower risks of waterborne diseases compared totain geochemical characteristics (Broers et al., 2021;
surface water sources (Hug et al., 2020). Furthermore, Jasechko, 2019). These geochemical characteristics are
groundwater is available in many places where surfacegenerally used to divide groundwater into two binary cat-
water is not available or is available only limited (Shaji egories. Either young groundwater (<50 years) or old
et al., 2021). groundwater (Thaw et al., 2022). Using this division,
However, according to van Driezum et al. (2020) water categorised as young groundwater is prone to an-
more than half of the drinking water supplies in the thropogenic pollution.
Netherlands face problems, currently or in the near fu- While this method gives advantages for a clear dis-
ture. These problems are related to water quality and/or tinction between possible contaminated water and wa-
water quantity (van Driezum et al., 2020). Groundwater ter free from anthropogenic sources, it also has some
quality can be in uenced by natural contaminants in the drawbacks. This method requires samples from multi-
soil and anthropogenic sources (e.g. Hug et al. (2020) ple depths to be taken and analysed in the lab, which
and J B and Joseph (2023)). These pollutants can po- is costly and only gives an image of one specic mo-
tentially be problematic for drinking water (van Driezum ment in time (Kurylyk et al., 2019). Another method
et al., 2020). for understanding groundwater age and ow, and infer
The availability of groundwater is further nega- hydrogeological properties is using temperature depth
tively in uenced by climate change, causing groundwa- pro les (TDP's) (Bense et al., 2008; Bense et al., 2017;
ter levels to drop globally (Wada et al., 2010). Fur- Kurylyk et al., 2019). Here the temperature is measured
thermore, groundwater is over-abstracted (Wada et al., in a piezometer over the whole depth. Combining hy-
2010). Problems with over abstraction are also present drogeological properties found in the borehole and the
in a low-lying country as the Netherlands, where average curvature of the temperature prole over that depth,
groundwater levels are near the surface (Lijzen et al., the ow rate can be inferred (Bredehoeft & Papadopu-
2014). To prevent groundwater over-abstraction, and los, 1965). This method is widely used in the analysis
utilize the groundwater abstraction stations optimally, of TDP's (e.g. Bense et al. (2020) and Bense et al.
the hydrogeological properties of the area are crucial to (2017)). For this method, the assumption is made that
understand (Bierkens & Wada, 2019). In systems with the temperature prole is relatively stable over time.
shallow aquifers, it is proven dicult to estimate hy- While this is proven useful (Bense et al., 2017), there
draulic properties (Bense et al., 2022; Scanlon et al., are questions about the usability near recent ground-
2006). Especially when groundwater abstraction sta- water abstractions. Due to groundwater abstractions,
tions are active, ow across di erent aquitards can be groundwater ow can be altered. Heat ow stabiliza-
di cult to quantify. tion needs to take place, which can potentially be much
Groundwater abstraction can be done in an un- slower (Casillas-Trasvina et al., 2022). This is further
con ned and con ned aquifer. A con ned aquifer has inuenced by climate change, causing surface warming
the advantage of being naturally ltered by soil and an impacting classical pro le interpretation of TDPs (Kury-
aquitard above, preventing anthropogenic sources fromlyk & MacQuarrie, 2014; Taniguchi et al., 1999). This
entering the groundwater abstraction (J B & Joseph, can potentially in uence the accuracy of estimating the
2023). However, con ned aquifers can also have ground- vertical groundwater ux with the Bredehoeft and Pa-
water in Itration from potentially contaminated uncon-  padopulos method.
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Bense et al. (2022) and Bense et al., 2017, looked at
multiple temperature-depth pro les over time. In those
analyses, uses in ection points caused by surface warm-
ing to understand groundwater ow. However, next to
these methods the assumption is made that Bredehoeft
and Papadopulos can be applied near groundwater ab-
straction sites, since the situation seems relatively sta-
ble. However, it has not been studied how much time is
needed for a system to stabilize after large changes, such
as the start of groundwater abstractions. Furthermore,
previous studies did not simulate heat ow in a tran-
sient 3D environment to study both the temporal and
spatial components of groundwater ow near groundwa-
ter abstractions. This means the validity of the assumed
stability for temperature-depth pro les near groundwa-
ter abstractions is not known. Therefore, the accuracy
of the Bredehoeft and Papadopulos in an environment
where groundwater is abstracted has never been studied
and quanti ed before.

1.1 Research questions

This leads to the following research questions:

How accurately can groundwater ow through an
aquitard be calculated with the Bredehoeft and Pa-
padopulos method situated near a groundwater ab-
straction site?

How long does it take for groundwater cou-
pled heat ow to stabilize during groundwater
abstraction?

How can the stability of groundwater coupled
heat ow be observed in temperature-depth
pro les?

How accurate can groundwater uxes be es-
timated based on a conceptual transient 3D
model in relation to abstraction time?

How does surface warming impact the ac-
curacy of the Bredehoeft and Papadopulos
method?
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In this study eld data from three di erent locations are limited. The abstraction in this area is in the aquifer
studied, both from the Netherlands and Germany. At between 70 and 90 meters depth. Due to the protection
all sites groundwater is abstracted in an (semi-)con ned of the clay layer above this aquifer, this abstraction is
aquifer, but the subsurface, rate of abstraction and age seen as a non-phreatic abstraction.

of the groundwater abstraction are dierent. In gure

2.1 the 3 di erent locations are indicated. 23 Lower Rhine Embayment

21 Herveldse veld The third area of interest is the Lower Rhine Embayment
(LRE), Germany. The LRE is part of the Roer Valley Rift
The rst location is in the Betuwe, located between the System, which is a southward extension of the North
river Rhine and the Waal and close to the town of Zetten, Sea Basin (Bense et al., 2008; Schéfer et al., 1996).
the Netherlands. The top layer contains Holocene sed- This basin is lled with Oligocene sediments, containing
iments from the river, varying from sandy clay to clay. predominately sands. Above these sandy sediments are
Below these rst meters, a sandy layer is present up to younger sediments, containing both clay and sand lay-
15 meters depth. Subsequently, a layer of 15 meters ofers. In between these younger sediment layers, layers of
clay is present. From 40 to 70 meters depth the secondlignite are present (Schéfer et al., 1996). Figure 2.2 C
sandy layer is present, with another clay layer beneath provides a simpli ed interpretation of the subsurface.
(TNO, 2024). This can be seen in gure 2.2 In this region, the lignite is mined through open
In the second sandy layer, groundwater has beenpit mining (Carmen, 2022; RWE, n.d.). These open-
abstracted since 2007. Due to the protection of the clay pit lignite operations reach a depth of more than 300
layer above this aquifer, this abstraction is seen as ameters deep. These mining operations started around
non-phreatic abstraction. The abstraction rate since the the 1960s (RWE, n.d.). In order to allow these min-
start is relatively stable with rates between 3.5 and 4 ing operations, groundwater needs to be abstracted on

10° m3=y (Folmer et al., 2018a). a large scale. Due to these large-scale groundwater ab-
stractions, the hydraulic heads in this region show a large
22 La Cabine cone of depression near these mines (Bense & Van Balen,

2004). The scale and depth of this cone of depressions
The second location is an area northwest of Arnhem, indicate that the groundwater abstraction rate is much
the Netherlands. It is on the ank of the Veluwe. larger than in the previous areas, but exact numbers are
The Veluwe is the largest push moraine complex in the not publicly available.
Netherlands, where most of the area is semi-natural veg- In this area, there are many faults present. This
etation and forested. The subsurface contains subse-alters groundwater ow signi cantly, since groundwa-
guently glacial sands and gravels up to 50 meters depth,ter cannot ow freely through the aquifers (Schafer et
uvial clays from 50 to 65 meters, and riverine sands al., 1996). However, there are still clear e ects of the
and gravels from 65 to 100 meters, with a clay layer be- groundwater abstractions seen at the other side of the
neath, creating a layered system with multiple aquifers fault, since a fault is not a complete block to ow but
and aquitards (Bense et al., 2022; TNO, 2024). This is also allows for preferential ow paths along the fault
illustrated in gure 2.2. The clay layers in this area are plane (Bense et al., 2008; Gumm et al., 2016).
relatively thin, especially northeast of the groundwater
abstraction (TNO, 2024). 2.4 Groundwater abstraction

In this forested area, there is the La Cabine Ground-

water abstraction site (LC). At this site, groundwater has In all three regions described above, groundwater is ab-
been abstracted since the 1910's. Since the 1970's, thestracted in a con ned aquifer. Although hydrogeological
abstraction rate is stable at around 9 to 100° m3=y properties are di erent at each location, at all locations
(Folmer et al., 2018b). While seasonal variation is not groundwater is abstracted in a con ned aquifer, making
reported, inter-annual variations in abstraction rate are groundwater uxes over the di erent aquitards compa-
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Figure 2.1: Map indicating the three di erent areas from where data is used in this study. The points are located in
the area of interest, not at the speci ¢ boreholes used in this study. Both maps in this gure have the same scale.

rable. The principles of groundwater and heat ow with

groundwater abstraction in a con ned aquifer are indi-
cated in gure 2.3. Here ow lines are indicated for

groundwater ow induced by the groundwater abstrac-
tion, given that there is no other preferential groundwa-
ter ow in the area. In gure 2.4, corresponding tem-

perature lines are indicated. This illustration indicates
that cold temperature from the surface near groundwa-
ter abstraction sites move more downward, while warm
temperatures from below the groundwater abstraction
mo9ves upward, coupled to the groundwater ow.



Figure 2.2: Schematic interpretation of the borehole pro-
les at or near the groundwater abstraction sites. In-
terpretations are based on BRO REGIS hydrogeological
interpretations from TNO (2024) and borehole descrip-
tions near the abstraction sites.

Figure 2.3: Schematic overview of groundwater ow
lines near groundwater abstraction in a con ned aquifer

Figure 2.4: Schematic overview of temperature elds
near groundwater abstraction in a con ned aquifer, ex-
cluding surface warming. Lines of equal temperatures
are displayed, indicating colder temperatures in the up-
per aquifer near the groundwater abstraction and warmer
temperatures in the deeper aquifer.

2.4. GROUNDWATER ABSTRACTION j

5
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In this study, a combination of both real-world used, since other samples were not close an abstraction
temperature-depth pro les, as well as a modelled heat and/or not measured for multiple years. This piezometer
transport over time are used. By comparing both physi- is measured in 2007 (Bense et al., 2008) and 2017.
cal data with a conceptual model, the (non-)stationarity For all dierent measurement locations, the
of temperature-depth pro les near groundwater abstrac- temperature-depth pro les of the di erent years are plot-
tion sites is studied. ted per piezometer with detailed geological descriptions.
This allowed distinguishing signals in the temperature
pro les between geological signhals and ow signals. Next
to the pro le itself, the temperature gradients over depth
Geothermal data is used from piezometers at 3 di erent are also calculated as the di erence between each depth
sites, indicated in gure 2.1. At all locations, data is interval. Furthermore, the di erence over time is also
present from di erent years. Having measurements of quanti ed by creating a plot with the di erence between
multiple years allowed to investigate the stability of the the dierent years divided by the time (in years) be-
pro le, as well as The piezometers are PVC pipes, with tween the di erent measurements. Herby characteristics
a diameter of around 5 cm. This diameter is su ciently of each pro le are reported.
narrow to prevent the prole from being disturbed by Furthermore, the in ection points of all TDPs are
convective e ects, as long as the temperature gradients calculated. The in ection point is the depth at which
in the well don't exceed 0°C m ! (Bense et al., 2008). the lowest temperature is measured in a TDP. This is
For all these piezometers, there is a detailed geologicalan indicator for groundwater ow (Bense et al., 2017).
description available. For each piezometer the trend between the in ection
For the temperature-depth measurements, an au- points is calculated to investigate the di erence between
tonomously logging thermometer (RBR SoloT logger, abstraction sites over time.
RBR Technologies Inc., Canada) is used. This ther-
mometer has an accuracy &f0.002 K. The data willbe  3.1.1 Bredehoeft and Papadopulos
collected with the stop-go methodology with intervals
of 1 metre depth and 10 seconds. (Harris & Chapman,
2007). All measurements use the RBR SoloT logger,

except for the measurements in the LRE in 2007. Here tical ow velocity is calculated by the gradients within

the In-Situ Inc. thermometer, a temperature probe with .

i sections of the temperature pro les. These temperature
an accuracy of 0.01 K and a response time of 30 seconds___ .. e
. . ~_gradients over a larger layer allows quantifying the ow
is used. The depth interval of these measurements is 2

X within a speci ¢ geological layer. To do this, the value
MELres. ) . for the curvature needs to be found. The curvature over
At the Herveldse veld one piezometer is sampled,

, i ) ) . the aquitard is de ned by equation 3.1. In this equation,
since in this area there is only one piezometer that

hes the denth of th q b on (TN is the Peclet number, which is the indication of the
reaches t .e _ept ofthe gr_oun water a stractlon_( ©, curvature. Z is the depth from the top of the aquitard,
2024). This piezometer, piezometer B39F0836, is sam- . . .

g ) TO is the temperature at the top of the aquitard, and
pled in 2018, 2023 and 2024. At La Cabine, data of

TL is the temperature at the bottom of the aquitard. L

_2 piezometers, plezometers B40A0549 and B40A0552’is the thickness of the aquitard. This equation is solved
is used. Both piezometers are placed deeper than the

i } numerically by iteration using the fminsearch function in
pumping depth, allowing the e ect of the groundwater

3.1 Temperature depth pro ling

Furthermore, quanti cation of ow across di erent lay-
ers are made with the Bredehoeft and Papadopulos for-
mula (Bredehoeft & Papadopulos, 1965). Here the ver-

MATLAB.
abstraction on vertical groundwater ow to be studied.
there are measurements from 2016 (only B40A0552) T To _ exp 2 1 (3.1)
2018(only B40A0549), 2023 and 2024 for these piezome- T To exp() 1 '
ters. In the LRE, only one piezometer is used (piezome- For calculating the ux from this Peclet number,

ter 80908 (or 148929 in the database of Bohrungen in equation 3.2 is needed (Bredehoeft & Papadopulos,
NRW - GD NRW (n.d.)). This is the only piezometer 1965).
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Figure 3.1: Geological description of di erent hydroge-

Clay Sand
k[m/d] 02 10
ktifw/m/ °C] 15 3

Table 3.1: values for hydraulic conductivity (k) and ther-
mal conductivity (kt)

al. (2002), see table 3.1. In this model, there is the as-
sumption of isotropy, so vertical and horizontal hydraulic
conductivity are equal. At the top of the model, the sur-
face, a continuous rain ux of 0.25 mm/day is applied.
At one edge, across the whole vertical domain, a drain is
applied as a Dirichlet boundary, with a head value of -5
m. All other edges have a Neumann no- ow boundary.
In this model, groundwater abstraction is enabled

ological units used in the model. There are 3 aquifers after 20 years by lowering the head in the middle aquifer,

indicated as sand and 2 aquitards indicated as clay.

kt
L Cp w
The Bredehoeft equation is only applied for pro le
B40A0552, since other pro les don't have a clear thick
aquitard to apply this method.

Q; = (3.2)

3.2 Conceptual heat transport model

In order to evaluate the e ects of large groundwater ab-
stractions on temperature pro les regionally, heat trans-
port is modelled. A conceptual numerical 3D model is
used with 3 dierent aquifers separated by 2 distinct
aquitards. This model does not exactly match one of
the sites where eld data is available, but it is used
to improve the vounderstanding and interpretations of
temperature-depth pro les. To solve the heat transport

in a circle with a 200 meter radius from the centre of the
model, to -2.5 m. Running the model without ground-

water abstraction indicated a head in this area of around
-0.5 m, e ectively lowering the head near the groundwa-
ter abstraction 2 metres.

Surface warming is included as a constant, with a
surface temperature of 9.1C and increasing 0.02 K per
year. At the bottom of the model, at 750 meters depth,
a constant warming of 0.05 K m* is added to simulate
the geothermal heat ux (Bense et al., 2008).
r’T=0

c%+cw\,!\,qu 3.3)

Transient heat transfer by advection through
groundwater ow and conduction in a saturated porous
medium is described by equation 3.3, in wr'1icﬂm:s] is
the Darcy velocity of groundwater ow] is temperature
(°C),c (2.0 10°jkg 1) °C ') andc, (42 10%kg ?
°C ! are the specic heat of the saturated sediment

equation, as described in Bredehoeft and Papadopulosand water, respectively, (21 10%kgm 3) and

(1965), a generic nite element code was used (Solu-
tions, n.d.).

3.2.1 Model setup

In gure 3.1, a 2D schematization of the simulated ge-

(1 10°kgm 3) are their respective mass densities,is
the thermal conductivity [W m* °C 1] of the saturated
sediment (based upon Bense et al. (2008)).

To study the sensitivity of the parameters chosen,
there are two variations made on the model. One run
has a double head di erence, increasing the head to -4

ology applied in the model is shown. The model is U \eers at the abstraction site to increase the ground-

to 750 metres depth, with the rst and third aquifers
200 metres thick, and the middle aquifer 250 metres
thick. The aquitards are 50 metres depth. The length
and width of the model are 20 by 20 kilometres.

For the heat capacity and hydraulic properties,

water ow over the aquitard. The other model run has
halve the thickness for both aquitards.

3.2.2 Data interpretation

generic values for sand (aquifer) and clay (aquitard) are From this 3D model several techniques are used. From
chosen based upon Bense et al. (2020) and Witte et the temperature eld, several temperature pro les are
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extracted and compared for their spatial and temporal
evolution. This is done to see the distance the abstrac-
tion is e ecting the TDPs and to what degree this is
stationary.

From the temperature data, the in ection points
near the abstraction sites are also mapped with a 10-
metre horizontal resolution and a 1-metre vertical resolu-
tion, according to the same method applied for in ection
point calculations at the measured TDPs.

3.2.3 Flow rates and accuracy

To investigate how accurate ow rates can be calculated
using TDPs, the ow rate is calculated with the Bre-
dehoeft and Papadopulos method, described in section
3.11

The ow rate is compared to the ow rate the model
indicates over the aquitard. Furthermore, the ow rate
by the Bredehoeft formula is compared with di erent
moments from the abstraction onwards, to see the tem-
poral behaviour of the curvature, and therefore the cal-
culated ow rates.

To indicate how accurate the calculated uxes are,
the accuracy of the are calculated with equation 3.4. In
this equationT, is the test value. This is the ux cal-
culated with the Bredehoeft formulaQ, is the original
value. This is the ux extracted from the model.

v Oy

Accuracy= 100
Ty

100 (3.4)
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4.1 Temperature pro les thick lignite layers near 150 and 200 metres. The gradi-
ents in these layers (4.1 H ) reaches 0G m 1, which
4.1.1 TDP's and temperature gradients is higher than values seen in other proles. In between

the lignite, where groundwater is abstracted, and near

In gure 4.1, the physical temperature-depth pro les at  the surface temperature are increased between measure-
Herveldse veld (A, B39F0836), La Cabine (B, BA0OA0549 ments. Furthermore, temperatures within the pro le are

and C, B40A0552), and the LRE (D, 80908) are plot- staple

ted, combined with the corresponding temperature gra-

dient prole. In gure 4.1 A, temperatures increased

between 2018 and 2024 throughout the prole. The

surface warming can be observed, with an increase atin gure 4.2, the di erences between measurements per
the top of almost 2°C compared to 40 metres depth. year are displayed. Most of the observed di erences from
Temperature di erences between the measurements are4.1 are also visible in this plot. Near the surface the
largest near the surface and between 60 and 80 metrestemperature has the strongest increase. The abstrac-
the depth where groundwater is abstracted. All mea- tion layer is also clearly visible in this plot with an in-

surements at this piezometer show limited interaction creased temperature dierence. In gure 4.2 A, there is

with the geological formations below 120 metres depth. no signi cant di erence in temperature increase per year

In the corresponding gure 4.1 E, the temperature gra- petween the di erent measurements.
dient is largest near the surface and in the layer where In gure 4.2 B, it can be seen that deeper down

the groundwater is abstracted. Between the years, there the pro le is cooling down. While the surface is warm-

is hardly any di erence observed between the dierent jng continuously, last year there seems to be a small de-

measurements. crease in temperature over the years starting near/below
In gure 4.1 B, surface warming can also be ob- apstraction depths.

served. Up to 100 metres depth the pro le has warmed Figure 4.2 C shows instability in the abstraction

up. From below 100 meters, there seems to be little to layer, especially when comparing 2024 with 2023 data.

no di erence between the di erent measurements. Fur- This plot con rms the more signi cant temperature in-

thermore, the e ect of the di erent clay layers is hardly crease above the groundwater abstraction zone com-

visible within this whole prole. Only the clay layer at pared to below the abstraction.

130 metres seems to have an e ect, although this is not Figure 4.2 D also con rms patterns seen in 4.1 D

very signi cant. In the temperature gradients (4.1 F ), wjth an increase in temperature at the surface and at the
there is a small increase from the surface to 150 metres gpstraction layer. However, the temperature increase in
depth. the abstraction layer in this pro le is with 0.04C y !

In (4.1 C ), the most striking detail is the clear rather large in comparison to other pro les. Except for
increase in temperature from 85 to 110 meters depth, the surface warming, increases in most pro les are only
which is the layer where groundwater is abstracted. Sur- |imited to 0.02°Cy !, apart from the di erence between

face warming can be seen in all pro les, with up to 80 2023 and 2024 in the abstraction depth of gure 4.2 C.
meters showing a clear e ect. Below the abstraction

depths, the temperature also increased slightly. The
temperature gradients in this prole (4.1 G) ) are not
stable in the pumped layer, but are higher in the ab- The in ection points vary largely between the di erent
straction layer, with values up to 0.1C m *, while the  plots (gure 4.3). In gure 4.3 A the in ection point is
rest of the pro le is between -0.05C m * near the sur-  between 35 and 40 with a clear trend downwards of 1.11
face and 0.02C m ! further away from the abstraction metres per year. Near la Cabine, the downward move-
area, which is a value also seen in other pro les in non- ment of the in ection point is much smaller, without a
abstraction zones. signi cant trend very close to the groundwater abstrac-
Figure 4.1 D's most remarkable feature is near the tion ( gure 4.2 C) and 0.47 metres per year further away

4.1.2 Dierences

4.1.3 In ection point
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Figure 4.1: Temperature depth pro les (A till D) and Temperature gradients (E till H) taken at di erent years. For
each location, data of the borehole description is displayed in these plots.

Figure 4.2: Di erences of temperature between measurements at 4 di erent boreholes. The temperature di erences
are expressed as degrees Celsius per year. For each location data of the borehole description is displayed in these
plots.

from the groundwater abstraction (gure 4.2 B). How- 4.1.4 Flow rates La Cabine
ever, the in ection point is here deep, with 60 metres
for piezometer B40A0549 and even around 80 meters
for piezometer BA0OA0552. For piezometer 80908 in Ger- For the aquitard between 105 and 120 metres in depth,
many ( gure 4.2 D), there is a large increase of 2 meters the second aquitard in the system, the Bredehoeft curves
per year. However, it should be noted that due to deep and ow rates are calculated ( gure 4.4). The curva-
groundwater levels, surface temperatures could not betures in this gure indicate a clear ow upwards. There
measured. seems to be an increase in ow rate from 1987mm/y
to 2522mm/y. However, the variation within the pro le
is quite large, and this increase is not very stable, as
the increase is much larger between 2024 and 2023 in
comparison to 2023 and 2016.
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K at 300 metres from the abstraction site ( gure 4.5 C).
Furthermore, the in ection point is increasing with
time. With a decreased distance to the abstraction site,
the in ection points reach deeper depths compared to
further from the abstraction site. The trend in in ection
point movement is displayed in gure 4.6. It can be
seen that the in ection points near the abstraction site
(300 metres from abstraction) are getting deeper with a
higher rate of 1.09 metre per year. This rate decreases
when getting further from the abstraction site. With
) ) ) 600 metres from abstraction the rate decreases to 0.87m
Figure 4.3: In ection point of each temperature depth

measurement at four di erent boreholes. A trend line is per year, and at 1200 metres from the abstraction the

added based on the average change in in ection point rate is 0.71m per year. These calculated rates seem to
depth per year slow down around 160 years. All in ection points at this

point are above the trend line, indicating that the trend
is slower here compared to the trend over the whole time
range.

To get an overview of the change in infection point
spatially, in gure 4.7 the in ection points are plotted
near the abstraction zone. In 4.7 A the blue areas in-
dicate deeper in ection points, and are present around
the abstraction site. In the area around the blue, a
trend with distance to the abstraction site is less clear.
However, green is more prevalent near the abstraction
compared to yellow, although the pattern contains quite
some noise, making the e ect of the abstraction less
clear.

In 4.7 B all in ection points are deeper. However,

Figure 4.4: Flow rate across aquitard calculated with the deepening of the in ection point less than 100 meters
the Bredehoeft method at piezometer B40A0552, for the from the abstraction are the most strong, with values up
measurements at 2016,2023 and 2024. A smoothenedy, 250 meters. Up to 800 meters from the abstraction

line is plotted combined with the points for the individual

data points. Qz values in this plot are in meters per year. area the depth in ection point is correlated to the dis-

tance to the abstraction, with being closer relates to
a deeper in ection point. Further away from the ab-

4.2 Model straction site, there seems to be a limited e ect of the
groundwater abstraction itself. In 4.7 C, the in ection
4.2.1 Temperature depth pro les and points are deepened more compared to 4.7 B. Both near

the abstraction area, but also further away from the ab-
straction site the e ect is visible. Up to 1300 meters
In gure 4.5 modelled temperature-depth pro les with there is a clear correlation with the abstraction site. Near
di erent distances to abstraction site are displayed. It the abstraction site, the in ection point depth is around

can be seen that in the upper aquitard the temperature 250 meters, but for a larger area than in subplot B. At
is becoming colder over time. This dierence is most the border of this plot, the in ection point reaches a

noticeable near the abstraction site, with a decrease of depth of 180 metres.

0.55 K at 300 meter from the abstraction site ( gure 4.5

C). In the bottom aquitard an increase of temperature
with increasing abstraction time can be observed. This
is, similar to the upper aquitard, most noticeable near In gure 4.8, the Bredehoeft curves are plotted as a
the abstraction site, with a temperature increase of 1.6 measure of the ow rate possible in the eld. In gure

in ection points

4.2.2 Flow rates
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Figure 4.5: Modelled temperature-depth pro les with in ection points at di erent distances from abstraction site.
Time from abstraction ranges from 0 to 180 years. Figure A is 1200 metres from abstraction, B is 600 metres from
the abstraction site, and C is 300 metres from the abstraction site.

Figure 4.6: The depth of the modelled in ection point over time. In yellow the in ection points 300 metres from
abstraction are shown, in red 600 metres and in blue 1200 metres.
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Figure 4.7: In ection points near abstraction zone 60, 120 and 160 years after abstraction is started in the model.
The abstraction area is marked white, because the model was not able to calculate values here correctly. In each
plot, the scale of the in ection points is di erent since depth ranges are quite large between the plots.

4.8 A it can be seen that the curvatures are increasing accurate. This is in line with gure 4.8, where Brede-
over time. The Peclet number is negative, indicating hoeft curves are not accurate from 140 years onward,
ow downwards. Up to 120 years it follows the dot- causing unrealistic ow rates.
ted lines with xed Peclet number, resulting in a pro le Flow over the deeper aquitard is more stable, and
that allows the calculation of ow rates. From 140 years the accuracy for 300 and 600 meters from the abstrac-
onwards the curves do not follow the reference curva- tion is steadily increasing until 180 years, the end of the
ture lines anymore, indicating a possible problem with simulation. For both 300 and 600 meters the accuracy
the calculation. In this case, this is caused by the in- reached over 60%. At 1200 meters from abstraction the
fection point being within the pro le 4.5. The ow rate  accuracy is lower than for all other locations and depths.
ranges from 90 mm/year after 4 years of abstraction to However, the ow rate at this location is signi cantly
551 mml/y after 120 years of abstraction with the same |ower than near the other locations, with 15 mm/year of
abstraction rate in the model. ow. This causes the relative error margin to be large
In gure 4.8 B, similar behaviour can be observed. while the absolute error is small.
Peclet numbers increase over time. Positive Peclet num-
bers here |nd|cat§ groundwater ow upwards. In the 423 Model variation
rst 100 years the increase seems to have a steady pace,
where this pace decreases later on, slowly reaching a stain gure 4.10, three simulations are compared. Compar-
ble level. Since these deep levels are not e ected by theing the scenarios at the upper aquifer, it can be observed
movement of the in ection point, there are no measure- that an increase in head di erence results in an increase
ments that do not follow normal curves indicated by the in accuracy around 80 to 100 years. However, this ac-
dashed lines. Before abstraction started, groundwater curacy drops after 120 years, caused by in ection points
ow as downward as opposed to upward, causing val- moving into the aquitard. A decreased thickness of the
ues at start of model not to be accurate. Exact for the aquitard leads to a strongly decreased time for reach-
ow rate range from 2 mm/year downwards after 4 years ing accuracies over 80% within 60 years. However, the
of abstraction to 330 mm/y upwards after 180 years of accuracy drops signi cantly after only 80 years. In con-
abstraction with the same abstraction rate in the model. trast to the other scenarios, the in ection point didn't
Similar plots are made for locations 600 and 1200 reach the aquitard here yet, as can be seen in appendix
meters from the abstraction site. These can be found in A.4. However, appendix A.7 shows that the Bredehoeft

Appendix A.5 and A.6 curves after 80 years do not follow the reference curva-
The accuracy of the calculated uxes are plotted ture lines, indicating unreliable data.
in gure 4.9. All accuracies increase over time, until For the accuracy at the deeper aquitard, the di er-

140 years. After 120 years the accuracy increases toences are less pronounced. However, with a decreased
90% for all di erent distances from abstraction. Further aquitard thickness, the accuracy is consistently higher
away from the abstraction, the initial accuracy is higher, than the reference scenario, with a di erence of 10 per-
but the rate of improvement is slower. From 140 years centage points. For the scenario with the increased
onwards, the uxes at 200 meters become rapidly less head di erence, the di erence with the reference sce-
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Figure 4.8: Bredehoeft curves for the shallow (gure A) and deep (gure B) aquitard at 300 meters from the
abstraction site. The di erent times since abstraction are indicated with di erent colours.

Figure 4.9: The accuracy of the vertical groundwater ow in the model in relation to time since abstraction. The
real ux indicated by the model is compared to the ux calculated with the Bredehoeft method. This is done for
both the shallow and the deep aquitard. The distances from the abstraction site are 300,600, and 1200 metres.
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Figure 4.10: Comparison of the accuracy of the calculated uxes at 300 metres from the abstraction site. For the 3
scenarios the accuracy is calculated at the rst and second aquitard.

nario slowly increases to a higher accuracy, with the
accuracy reaching up to 75%, which is similar to the
accuracy of the decreased aquitard thickness

The ow rate with the increased head di erences is
increased with a factor 2, both for the upper and lower
aquitard. This results in ow rates of 1070 and 970
mm/y for respectively the upper and lower aquitard. For
the decreased aquitard thickness, the ow rate over the
aquitards is similar to a bit lower, with ow rates of 520
and 530 mm/y respectively.
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5.1 Field data point raises questions about the possibility of obtaining
groundwater uxes from in ection points alone.
Temperature pro les can have very di erent character- At La Cabine, pro le B40A0549 in gure 4.2 seems

istics and indicators, depending on multiple factors. Lo- to indicate some limited cooing at the bottom, although
cal and regional geology is important, since clay limits not clear. This can either be a depth problem (depth not
groundwater ow and heat transport, often seen as a recorded correctly), or a result. Since there are no other
jump in temperatures (Witte et al., 2002). However, signs of depth problems, this signal may be connected to
pro les plotted in gure 4.1 have dierent characteris-  groundwater ow (Witte et al., 2002). However, since
tics, even when the geology in certain layers is similar. this can only be seen in one measurement at one of the
In Herveldse veld and the LRE a clear instability, which |ocations near La Cabine, conclusions cannot be made
cannot be observed at la Cabine. here. This conrms the importance of continuing the
Groundwater abstraction does in uence groundwa- e orts to create an elaborative dataset with TDPs mea-
ter ow in the pumped aquifer, but also in the aquifers sured over multiple years.
above and below. This impacts TDPs in the area For B40A0552, closest to the abstraction itself, it
near abstraction sites, because heat transport is cou-can be observed that the there is a large temperature
pled to groundwater ow (Bense et al., 2020). There- increase at the depth of the temperature. While this
fore changes in ow regime caused by groundwater ab- is a di erent signal than other pro les have, this can
straction will also be seen at TDPs, since water with a be seen as an indication of groundwater abstraction as
di erent temperature will ow in. well. While the di erence plot looks quite chaotic for
The rise of temperature in proximity of the abstrac- comparing 2024 with 2023, there seems to be a relatively
tion depth at Herveldse veld and the LRE indicates warm stable situation here. Large temperature changes mainly
water owing in. This can either come from deeper occur near the surface, caused by surface warming.
groundwater moving up or a warmer lateral ow, since While both pro les at La Cabine are di erent, there
groundwater from above the abstraction depth is cooler. is no indication of instability in these temperature pro-
This change in temperatures is furthermore an indication les, other than the expected surface warming. This
of a non-stable temperature pro le. This is in line with stability allows applying the Bredehoeft and Papadop-
Ziagos and Blackwell (1986), where the combination of ulos equation to calculate vertical uxes based on the
transport and a bulge shape in a pro le indicates the temperature pro le (Bredehoeft & Papadopulos, 1965).
non-stationarity in a pro le. There is some variation in groundwater uxes calculated,
This instability is also seen in the LRE, where even as seen in gure 4.4. However, these variations are not
with abstractions since the 1970s, a more distinct bulge linear over time, since the di erence between 2023 and
at abstraction depth is observed. Due to changing and 2024 is larger than the dierence between 2016 and
unknow abstraction rates for the moving lignite mining, 2023. This seems to indicate that this di erence is less
this area shows clear instability. This indicates that sta- caused by a general trend and more by small measure-
bility of a temperature pro le is not only dependent on ment variations or groundwater ow variations. How-
the time since abstraction rate, but also on the geology, ever, the ux is increasing between the measurements.
and the continuity and rate of groundwater abstraction. To better understand the stability of calculation, the ef-
The TDPs at Herveldse veld show a larger increase forts of continuing the measurements in this area are of
in the depth of the in ection point per year compared to great importance to increase the signi cance.
La Cabine, as seen in gure 4.3. According to Bense et One point of uncertainty for the calculation is the
al. (2020), this can indicate an increased ux. This is in thickness of the clay layer, which is determined by the
line with the groundwater abstraction being much more REGIS model of TNO (TNO, 2024) instead of the bore-
recent (Folmer et al., 2018a, 2018b), but at the same hole description. This is done because the observed cur-
time leaves questions about the absolute ux. As the vature in the prole exceeded the depth range of the
groundwater abstraction is 3 times smaller at Herveldse clay layer in the borehole description. This causes the
veld, this increased downward moving rate of in ection thickness and exact depth range of this aquitard to be
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less precise. While this can in uence the exact ux, the The model variations give an insight into the repre-
e ect was limited for comparing the di erent pro les. sentability of the accuracies presented. While the trends
were similar for all 3 scenarios, the exact accuracies can

5.2 Model and Comparison of eld data be quite di erent. Especially for the upper aquitard, ef-

and model fects of the scenarios in ection points movement can

be seen. This complicates the analysis of ow at the

TDPs generated by the model are in line with the upper aquitard. However, comparing di erent years of
groundwater uxes and head di erences in the model. measurements can give an indication of the stability of
The surface warming and increased temperatures arethe prole, since no to limited increase in groundwater
seen in the eld observations (gure 4.1). However, UXes can be associated with general higher accuracies.
cooling is not widely observed. Only some limited cool- At the lower aquitard, a more stable situation can be
ing in pro le B40A0552 for one observation. However, seen. The accuracy are in general similar. However, it
this cooling at di erent depths does occur at other eld can be seen that the accuracy improves with a decreased
sites, as found by Bense et al. (2020). thickness of the aquitard and, in the long run, also with

Vertical groundwater ow is increased near the an increased ow rate. This indicates that depending on
groundwater abstraction site. While groundwater ab- the local hydrogeology and abstraction accurate values
straction can cause increased ow rates over an aquitard, can be seen earlier. This indicates the importance of
there is a spatial relation between distance to the ab- the local and regional hydrogeology of the study area,
straction site and ux over the aquitard (Bense et al., since both groundwater uxes and the thickness of the
2022). This can be explained by the uniformity of the aquifer in uence the accuracy of the calculated ground-
model, causing distance to the abstraction to be the water ux.
only variable impacting ow, while studies with eld data The setup of the model is not entirely compara-
suggests variations in thickness of the aquitard and lo- ble to situations seen at groundwater abstractions in the
cal/regional topography to be a larger driver (Bense et Netherlands. The model was developed for simulating
al., 2022). Rates of vertical groundwater ow are similar groundwater ow near the lignite mines in the Lower
as found in real life. Rhine Embayment, and converted to the Netherlands by

The spatial map of the inection points of the adapting the soil parameters to clay instead of lignite
model showed some instability in the model, especiallyvalues. However, the depth is still signi cantly larger
shortly after the abstraction starts in the model (gure than real life. While the relative thickness of the layers
4.7. While in ection points movement is stable over are comparable, the absolute thickness of each layer is
time at the same location, there is some spatial variabil- approximately 5 times as large as seen in areas in the
ity that cannot be explained by the groundwater abstrac- Netherlands, such as La Cabine. Although this can be a
tion. While it is not completely clear why this happened, source of error, scaling methods for groundwater mod-
the e ect on estimating trends is limited. Temperature- elling are used often (Vermeulen et al., 2006; Wu et al.,
depth pro les from the model are comparable and the 2023).
spatial variation is signi cantly smaller than the tempo- Comparing the model results to the eld observa-
ral variation. tions results gives some discrepancies. While eld ob-

The accuracy calculations of the uxes in the model servations suggest stabilization of heat ow within 50
suggest a clear underestimation of the uxes using the years, the model suggests it takes signi cantly longer
Bredehoeft and Papadopulos method. This is in con- with a relatively stable situation near 140 years, if there
trast to previously made estimations, where the assump- are no problems with the in ection point moving into
tions are made that TDPs are much quicker stabilised the aquitard. This can be caused by the scaling in this
(e.g. Bense et al. (2022) and Bredehoeft and Papadop- model. Furthermore, the groundwater ux in la Cabine
ulos (1965). It furthermore highlights the importance of is 4 times larger compared to the model. When ground-
checking the shape of the Bredehoeft curve, since calcu-water ow is stronger, heat transport, and thereby stabi-
lations of the peclet number cannot be done when the lization of the temperature-depth pro le can also occur
calculations are not done over a non-uniform curvature, quicker (Casillas-Trasvina et al., 2022). Furthermore, it
such as happens when the in ection point reaches into is based on this dataset not yet certain if temperature
the aquitard. pro les are completely stable, since there is some varia-
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tion between the calculated uxes, with the most recent
measurement having the largest ux.






6 | Conclusion

Groundwater abstraction not only impacts groundwater
ow itself, but also should be taken into account when
analysing temperature-depth proles. The model and
the eld observations conrm that e ects of ground-
water abstraction can be observed in temperature-depth
pro les within 10 years of groundwater abstraction. Hav-
ing observations over multiple years is crucial to under-
stand temporal behaviour near groundwater abstraction.

In ection points can be a useful tool in under-
standing groundwater ow. In ection points can give
a clear image of groundwater ow and the stability of
temperature-depth pro les. However, di erences in ge-
ology can limit the usability of this method, since the
geology in uences in ection point movement.

The Bredehoeft and Papadopulos method is often
applied to estimate ow over an aquitard. While this
study shows that this method can be useful, the vertical
ux tends to be underestimated. This underestimation
is dependent on the time since abstraction, the distance
from the abstraction site and the ux itself. According to
the model, this method's accuracy is estimated to be be-
low 40% after 20 years of abstraction to 75% after 140
years of abstraction. However, this can be in uenced
by the groundwater ux itself and the thickness of the

aquitard, where an increased ow rate causes a higher

derstanding of the temporal behaviour of temperature-
depth proles. After initial stabilisation, after 40-60
years, both the model and eld observations show that
groundwater ows can be estimated with the Bredehoeft
and Papadopulos method to get an order of magnitude
for the ow. For exact quanti cation, a more precise un-
derstanding of the temporal behaviour is needed. While
the model used in this suggests that stabilization of
TDPs takes more than a century, eld data suggests
a quicker stabilization of around 50 years. Continuing
temperature-depth measurements near groundwater ab-
stractions are crucial to better estimate the time stabi-
lization a TDP takes from the start of the groundwater
abstraction.

accuracy after approximately 100 years, and a decreased
aquitard thickness causes higher accuracies and quicker

stabilization. Surface warming can become a problem for
the usability of the Bredehoeft and Papadopulos method
for relatively shallow aquitards. If the in ection point

moves into the aquitard, the method cannot be applied

accurately anymore. This should be checked before ap-

plying this method to ensure its validity.

Interpreting TDPs and applying, where applicable,
the Bredehoeft and Papadopulos method to eld data
suggests that temperature stability and thereby accurate
usage of this method can be done within a shorter times-
pan. Observations indicate that after 17 years there has

not been reached a stead-state. This can be seen be-

cause the TDPs have characteristics that indicate non-
stationarity, such as a bulge at the depth of the abstrac-
tion. After approximately 50-60 years, the temperature-
depth pro le seems to be stable. Applying Bredehoeft

here gives some variation in value, but there is no clear

sign of an increase in the measured ux.
This study marks the importance of a good un-
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Figure A.1: Modelled temperature crosssections after

40, 100 and 160 years of abstraction. Near the abstrac- -
tion site the largest dilerknces can be observed .

Figure A.2: Temperature depth profiles taken from the
model at dilerent distances from the abstraction site.
On the left panes, the whole temperature-depth pro-
file is plotted with di Cerknt distances to the abstraction
site. The right panel shows only the depths where the
inflection points are located. Figure A is 40 years since
abstraction, figure B is 100 years since abstraction, and
figure C is 160 years since abstraction.
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Figure A.3: The depth of the modelled inflection point over time, for the scenario with the increased head di [erence..
In yellow the inflection points 300 metres from abstraction are shown, in red 600 metres and in blue 1200 metres.
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Figure A.4: The depth of the modelled inflection point over time, for the scenario with the decreased head di [erknce.
In yellow the inflection points 300 metres from abstraction are shown, in red 600 metres and in blue 1200 metres.
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Figure A.5: Bredehoeft curves for the shallow (figure A) and deep (figure B) aquitard at 600 meters from the
abstraction site. The di[erbnt times since abstraction are indicated with di Lerknt colours.
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