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Abstract: Groundwater temperature (GWT) is usually measured using screened monitoring wells
(MWs). The aim of this study was to investigate whether MWs are suitable for monitoring the effects
of large-scale geothermal collector systems (LSCs) on GWT, focusing on possible vertical flows within
the MWs due to both natural and forced convection. Comparative temperature depth profiles were
therefore recorded over a period of nine months in both shallow MWs and in small-diameter, non-
screened temperature monitoring stations (TMSs), each of which was installed in a single borehole.
Particularly high temperature deviations were measured in MWs in the upper part of the water
column where the GWT reached up to 1.8 K warmer than in the surrounding subsurface. These
deviations correlate unambiguously with the prevailing positive thermal gradients and are caused
by thermal convection. Where forced convection occurred, the GWT was measured to be up to
0.8 K colder. Potential temperature deviations must be considered when monitoring very shallow
GWT as thermal gradients can be particularly high in these zones. For monitoring concepts of LSCs,
a combination of MW and TMS is proposed for GWT measurements decoupled by the effects of
convection and in order to enable further investigations such as pumping tests.

Keywords: groundwater temperature; subsurface; monitoring well; hydrogeology; convection;
large-scale geothermal collector (LSC)

1. Introduction
1.1. Importance of Monitoring Groundwater Temperature

Conduction is the dominant heat transport mechanism in unsaturated soils [1]. The
thermal conductivity of an unsaturated soil depends on a number of soil parameters [2–6]
and on temperature [7]. In addition to conduction, convection is another important means
of heat transport in aquifers [8]. The groundwater flow rate can therefore influence the
effective thermal conductivity of an aquifer [9]. The temperature of the shallow subsurface
is mostly determined by the climatic conditions at the surface. Shallow groundwater
temperature (GWT) is affected by vertical heat transfer in the unsaturated zone down to
depths of 10 to 15 m [10]. Rising temperatures due to climate change [11–13] or to heated
underground structures and artificial surface sealing in urban areas [14–17] can therefore
have an impact on GWT.

A further anthropogenic factor that can influence shallow GWT is the use of geother-
mal energy systems, which continues to increase since in addition to climate friendly power
generation, the provision of energy for heating is also an important factor [18]. The thermal
impact of open-loop systems and borehole heat exchangers on GWT is well studied [19–21].
For very shallow systems, such as horizontal ground heat exchangers, studies have fo-
cussed predominately on soil temperatures in the unsaturated zone [22–27]. However,
for large-scale geothermal collector systems (LSC) [28], their possible impact on GWT,
especially in areas with a shallow groundwater level, needs to be considered to ensure
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sustainability and to prevent interference between neighbouring geothermal systems. It
is also important to note that altering the thermal conditions of the subsurface can bear
ecological and geochemical impacts [29–32]. Negative changes in groundwater quality
due to thermal alterations must be averted [33]. Therefore, predicting the thermal effects
on GWT represents a potentially important element in the statutory approval process for
geothermal systems. Hähnlein et al. [34] recommend that the sustainable thermal use
of shallow geothermal energy should be based on technical assessment, environmental
assessment and monitoring, whereby the environmental assessment would include tem-
perature thresholds and groundwater quality criteria. In general, this means groundwater
monitoring wells (MWs) are required for monitoring GWT and groundwater sampling.

1.2. Vertical Flows in MWs due to Convection

Ordinary screened MWs with diameters ≥50 mm are often used to monitor GWT.
However, the temperatures measured in MWs can be influenced by vertical flows within
the well [35]. These flows can be caused by forced convection resulting from hydraulic
gradients, since the MWs are hydraulically connected by the well screen to different
permeable layers in the subsurface. Therefore, in addition to temperature measurements,
groundwater sampling and groundwater level measurements can also be influenced by
forced convection [36,37].

Another possible cause of vertical flow in MWs or in boreholes is natural (or free)
convection [35,38–41]. Unlike forced convection, natural convection can affect the water
column in all directions [38]. Natural convection occurs as a result of density differences,
when the ratio of the forces driving fluid movement to those retarding fluid flow exceed a
certain critical value [42]. This ratio of driving to retarding forces is described by the dimen-
sionless Rayleigh number Rat. The critical density gradients can be caused by temperature
differences due to a downward positive thermal gradient. The critical thermal Rayleigh
number–the threshold above which natural thermal convections starts–can be calculated
for water columns in boreholes or MWs by considering the thermal conductivity of the
fluid and the surrounding material [43]. In addition to thermal causes, natural convection
can also be caused by density differences due to gradients in salinity or dissolved solids.
Solutal convection and the combination of solutal and thermal convection is described in
detail by Börner and Berthold [35].

According to Rayleigh [42] and Gershuni and Zhukhovitskii [43], and as summarised
by Börner and Berthold [35], Rat is calculated as follows:

Rat =
gαl4

νDt
G (1)

where:

Rat = thermal Rayleigh number
g = gravitational acceleration [m/s2]
α = thermal expansion coefficient [1/K]
l = radius of water column [m]
ν = kinematic viscosity [m2/s]
Dt = thermal diffusivity [m2/s]
G = thermal gradient [K/m]

A fluid’s Rat therefore depends on the diameter of the water column and the tem-
perature of the fluid. According to Börner and Berthold [35] a critical thermal Rayleigh
number of 148 can be applied for typical subsurface zones based on a thermal conductivity
value for water of 0.6 W/mK and for the surrounding rock of 2.1 W/mK. Table 1 shows for
different monitoring well diameters and a range of water temperatures, the critical ther-
mal gradient at which the Rayleigh number exceeds the critical value of 148 and thermal
convection begins.
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Table 1. Critical thermal gradients for thermal convection in circular columns of pure water calculated
for different monitoring well (MW) diameters and temperatures in accordance with Rayleigh [42] and
Gershuni and Zhukhovitskii [43]. According to Börner and Berthold [35] a critical Rayleigh number
of 148 is assumed.

Diameter of MW [mm] 5 ◦C 10 ◦C 15 ◦C 20 ◦C 25 ◦C 30 ◦C

25 11.02 1.26 0.64 0.42 0.31 0.24
50 0.69 0.08 0.04 0.03 0.02 0.01
80 0.11 0.01 0.01 <0.01 <0.01 <0.01
100 0.0 <0.01 <0.01 <0,01 <0.01 <0.01
125 0.02 <0.01 <0.01 <0,01 <0.01 <0.01

As can be seen in Table 1, the critical thermal gradient decreases with increasing
diameter of the water column and increasing fluid temperature. When conducting GWT
measurements, it is therefore advisable to select the smallest possible diameter for the MWs
so that the measurements are not distorted by natural convection in the water column.
However, in addition to temperature measurements, additional investigations, such as
pumping tests or groundwater sampling, are often required for which sufficiently large
diameter MWs are needed. If, as is often the case, large diameter wells are used for
temperature measurements, possible temperature deviations due to convection need to be
estimated and accounted for.

1.3. Aims of This Study

According to current knowledge, the thermal impact of LSCs on GWT has not yet
been investigated. Such a study will require temperature monitoring concepts to be created
in advance. This paper discusses whether ordinary MWs are suitable for the thermal
monitoring of such systems and which factors need to be accounted for. For this reason,
the aim of the study was to determine how the well screen and the diameter of the well
casing–two parameters that can influence convection–affect GWT measurements in the
shallow subsurface.

Forced convection has been investigated using chemical samples and geophysical
measurements [36]. Natural convection has thus far been investigated in the laboratory,
through modelling, particle velocity image measurements or geophysical borehole mea-
surements [38,41,44,45]. Berthold and Börner [38] proposed two algorithms based on
high-resolution geophysical borehole measurements that would facilitate detection of the
causes and effects of natural convection. These studies focused mainly on short-term tem-
perature deviations or temperature oscillations at a certain depth, rarer on actual seasonal
temperature deviations and the locations where they occur.

The present study aims to investigate the influence of convection by making com-
parative GWT measurements. To this end, GWT measurements were conducted in six
MWs over a period of nine months. In addition, non-screened small-diameter temperature
measurements stations (TMSs) that were filled with water were installed in the same bore-
holes. Due to the lack of screens and the small diameter, convection-driven vertical flows
in the TMSs were either non-existent or significantly weakened (Table 1). The depth profile
measurements were recorded with an accuracy and resolution typical for practical hydro-
geological applications, so that the results could be transferred to other locations and other
projects. The objective is to detect temperature deviations in the MWs to determine the
influence of convection and of the thermal gradient in the subsurface, including seasonal
variations, and to develop a proposal for temperature monitoring concepts for LSCs.

2. Materials and Methods
2.1. Study Site and Hydrogeological Conditions

The test site was located at Bad Nauheim, a city in Hesse in the southwest of Germany.
A two-layer LSC, which was described in detail by Zeh et al. [28] and covering a total area
of 22,000 m2, was installed under agricultural land (Figure 1a). This system will provide
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heating and cooling energy for a new residential settlement via a low-temperature district
heating network. Scientific evaluation and support are provided through the research
project ‘KNW-Opt’ (Grant No. 03EN3020C). The groundwater monitoring system at the
LSC site comprised six boreholes with a diameter of 220 mm that were located over a
14,000 m2 array. The maximum distance between neighbouring boreholes was 145 m and
they were sunk to a depth of 10.5 m below ground level (m b. g. l.).
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Figure 1. (a) Large-scale geothermal collector system (LSC) and positioning of six boreholes around
the LSC site; (b) each borehole contains a groundwater monitoring well (MW) and a temperature
measuring station (TMS). Additionally shown are the well casings, the borehole filling, the boundaries
of the geological units in metres below ground level (m b. g. l) and the mean groundwater level in
each borehole. For ease of representation, the overlying soils have been combined with the loamy
valley deposits. In the deepest section of each borehole, the drill diameter was reduced from 220 mm
to 178 mm, which is not shown in the figure.

The LSC was not yet in operation during the measurement period. However, several
test operations and leak tests were carried out, so that a certain thermal influence on the
subsurface could be assumed. Therefore, the thermal conditions were considered disturbed
and may deviate from natural conditions.

Bad Nauheim is located at the eastern edge of the Taunus mountain range. The shallow
groundwater flows towards the river Usa, which is about 600 m away. Quaternary loamy
valley deposits and bench gravels from the river Usa were found in the shallow subsurface
at the test site [46]. These river deposits are overlain by topsoil and agricultural soil. The
geological units encountered at each borehole are shown in Figure 1b and Table 2.
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Table 2. Elevation at the location of the MWs and TMSs in metres above sea level (m a. s. l.),
depth of bottom of MW and TMS, location of PVC well screen in the MWs, extent of geological
units; ‘permeable basalt’ refers to areas where the decomposed basalt is presumed to be permeable,
although it may not always be water-bearing.

Borehole Elevation
[m a. s. l.]

Depth MW
[m b. g. l]

Depth TMS
[m b. g. l.]

Well Screen
[m b. g. l]

Loam
[m b. g. l.]

Gravel
[m b. g. l.]

Permeable Basalt
[m b. g. l.]

B1 142.5 10.1 10.4 6.1–10.1 0.8–6.4 6.4–8.5 10.0–10.5
B2 141.3 10.0 10.3 6.0–10.0 0.8–4.6 4.6–7.3 -
B3 139.9 8.1 10.4 4.1–8.1 0.8–4.1 4.1–6.2 6.7–10.5
B4 139.5 10.0 10.3 5.0–10.0 1.3–3.5 3.5–7.8 -
B5 139.2 10.1 10.3 5.1–10.1 0.8–3.3 3.3–5.8 6.9–10.4
B6 138.7 6.0 10.3 4.0–6.0 0.3–3.1 3.1–5.5 8.1–10.5

Several grain size analyses were performed, and the loamy valley deposits can be
described as clayey silt with estimated permeabilities in the range k = 10−6 to 10−9 m/s [47].
This unit can therefore be characterised as an aquitard or semi-confining layer. The bound-
ary to the bench gravel below occurs at varying depths and is not sharply delineated.

The quaternary bench gravel has a thickness of between 2.1 m and 4.3 m and is the
local shallow aquifer. This gravel layer contains stones with an edge length of up to
0.15 m and interjacent finer layers of clayey silt. The permeability of the gravelly parts
was estimated to be k ≈ 10−3 m/s [47]. At high groundwater levels, the groundwater is
regarded as semi-confined due to the overlying loam. During the measuring period, the
groundwater level had an amplitude of 1.1–1.2 m.

A very heterogeneous layer of tertiary basalt lies below the bench gravel. In the upper
sections of the basalt layer, the basalt is mostly decomposed to clayey silt with clay sections.
In B4, the basalt has decomposed to form a clay known as ‘Rotlehm’ [48]. Deeper down,
the basalt has more solid rock characteristics and can be permeable (Table 2).

In each borehole, a MW with a diameter of 80 mm was installed. The well casing,
borehole fillings and screen length are shown in Figure 1 and Table 2. The TMSs were
fitted with non-screened PVC pipe with an inner diameter of 32 mm. By filling the TMS
with water, the temperature in the saturated zone and above the groundwater level—in
the unsaturated zone—can be measured. Due to leakage issues at the bottom of the TMSs
and following adjustment of the water table to the groundwater level, PE pipes with a
wall thickness of 3 mm and a diameter of 25 mm were additionally installed after the first
measurement in February 2021. The water remained in the TMSs, thus at all measurements
a thermal equilibrium was granted.

2.2. GWT and Electrical Conductivity Measurements

The temperature measurements were conducted once a month from February to
October 2021. The temperature was recorded every 0.5 m starting from the groundwater
table in the MWs or from the water table in the TMSs to the bottom of the well casing. The
temperature was measured using a Solinst TLC-meter with a stated accuracy of ±0.1 K.
The electrical conductivity (EC) of the groundwater was also recorded every 0.5 m with an
accuracy of 2% of the reading value. The measurements were conducted on the following
dates [DD-MM] in 2021: 03–02, 24–03, 22–04, 26–05, 23–06, 08–07, 19–08, 28–09 and 14–10.

To compare the temperatures measured in the MWs and in the TMSs in each bore-
hole, the temperature difference at each measurement depth in the MWs was calculated
as follows:

∆Ti/z= T(MW)i/z − T(TMS)i/z (2)

where:

∆Ti = calculated temperature difference at the depth i [K]
T(MW)i = measured temperature in MW at the depth i [◦C]
T(TMS)i = linearly interpolated temperature in TMS at the depth i [◦C]
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i = depth [m b. g. l.]
z = depth [m b. gw. l.]

Given the measurement accuracy of the TLC-meter, temperature differences were
deemed significant when ∆T > 0.2 K.

3. Results
3.1. Temperatures and Differences between MWs and TMSs

Figure 2 presents examples of temperature depth profiles measured in the MWs and
TMSs for selected boreholes.
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Figure 2. Examples of temperature (T) depth profiles in selected boreholes; (a) MW in B1; (b) MW in
B3; (c) MW in B6; (d) TMS in B1; (e) TMS in B3; (f) TMS in B6.
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Temperature shifts were observed in each borehole over the nine-month measurement
period. These shifts became more prominent with decreasing distance to ground level. As
is apparent in Figure 2, the temperature shifts varied between boreholes. The temperature
depth profiles recorded in the TMSs show the most significant temperature fluctuations
in the first 4 m below ground level. While these fluctuations could still be observed at
greater depths in other boreholes, in B6 the GWT measured in the TMS was approximately
constant at depths of more than 4 m.

At the bottom of the MWs in boreholes B1, B2, B4 and B5 (i.e., at a depth of approx-
imately 10 m b. g. l.), the GWT were between 10.8 ◦C and 12.4 ◦C with amplitudes of
0.8–1.1 K over the measuring period. Likewise, in the TMSs at depths of 10.0–10.4 m below
ground level, temperatures of between 11.0 ◦C and 12.3 ◦C with amplitudes of 0.5–0.9 K
were measured. It was only in the TMS in borehole B6, where a constant temperature of
about 11.8 ◦C could be observed at this depth.

In contrast to the other MWs, in B3 significant jumps in the GWT were observed in
the depth range 7.3–7.6 m below ground level, which is at least 0.5 m above the bottom of
the well. These temperature jumps were measured from March to July. At these depths,
the GWT rose by up to 1.2 K per 0.5 m. In March, the temperature in the depth range
6.3–6.8 m below ground level increased additionally at a rate of 1.1 K per 0.5 m. However,
no equivalent rapid change of temperature was observed at those depths in the TMS.

The ∆T values calculated using Equation (2) are shown for each borehole in Figure 3.
There are four distinct areas along the water column where significant values for ∆T

occurred. These areas are marked in Figure 3. Area A was observed temporarily in each
borehole and was located between the groundwater table and a depth of z = 1.5 below
groundwater level depending on the borehole. The largest temperature differences with
values up to 1.8 K were observed at the groundwater table. At z = 0.5 m, the maximum
value of ∆T was 1.0 K while at z = 1.5 m, the maximum value was 0.4 K. The temperature
difference between the MW and the TMS decreased with increasing depth. In this area
(A), only positive values for ∆T were observed, i.e., higher temperatures were measured
in the MWs than in the TMSs. Significant temperature differences in area A occurred
predominately in the period March to May.

Area B was mainly observed in borehole B5 and less significantly in B4 and B6. In this
area, which was not far below or overlaps with area A, positive values of ∆T of up to 0.5 K
in B5 from May to July, 0.3 K in B4 in April and May and 0.4 K in B6 in March and April
were observed.

Area C was identified in boreholes B1, B2, B4 and B5 close to the bottom of the MW. In
this area, negative values of ∆T of −0.3 K were observed temporarily.

Area D only occurred in B3. This area is located in the depth range 5.8–7.6 m below
ground level. From March to July and in October significant negative values of ∆T of up
to 0.8 K were observed. Thus, in Area D, the MW produced temporary but significantly
colder values of the GWT than those recorded in the TMS.

3.2. Electrical Conductivities in MWs

Examples of the electrical conductivity (EC) values measured in MWs are shown
in Figure 4. In all boreholes, excluding B3, the EC depth profiles exhibit either constant
but time-fluctuating EC values of between 700 µS/cm and 1600 µS/cm or a very slightly
downward positive gradient. At the bottom of the MWs, lower EC values were often
measured due to the small layer of mud present at these depths. Lower values were
also measured at the groundwater table in some cases, which can be explained by the
measurement uncertainty of the TLC-meter at the groundwater surface.

In the upper water column, the groundwater in B3 had similar EC values. However,
regardless of when the measurements were performed, the values increased rapidly in the
depth range 7.2–7.6 m and remained at a high level down to the bottom of the MW. The EC
values increased by up to 1150 µS/cm per 0.5 m at this depth, reaching a maximum value
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of around 2800 µS/cm. In March and in August, smaller increases in the EC values were
observed additionally in the depth range 6.3–6.6 m below ground level.
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Figure 3. Values of ∆T for all boreholes; (a) B1; (b) B2; (c) B3; (d) B4; (e) B5 and (f) B6. The area within
the dashed red lines indicates the measurement accuracy of the TLC-meter (∆T ≤ 0.2 K). Temperature
differences outside of the dashed lines are considered significant. Areas with clusters of significant
∆T values (areas A, B, C and D), as described in the text, are marked.

These rapid changes in the EC occurred at the same depths as the temperature jumps
described in Section 3.1. As Figure 5 shows, negative values of ∆T (Area D) occurred above
the jumps in the EC and GWT values during the period March to July.
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Figure 4. Measured electrical conductivities (EC) of groundwater in selected boreholes; (a) B2; (b) B3;
(c); B5.
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Figure 5. Main soil types and hard rock types in borehole B3 and the measured values of ∆T and EC
at selected measuring times; (a) March; (b) April; (c) June. For ease of representation, interjacent silt
layers in the bench gravel were neglected.

From April to July, Area D was located in the partially permeable silt layer of the
tertiary basalt where basalt rocks are also present. This is the area in which the significant
shifts in EC and GWT values were observed. However, in March, Area D was located in
the gravel layer with higher values of GWT and EC already measured in the clayey layer.
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3.3. Comparison of Temperature Deviations and Thermal Gradients

The thermal gradient was determined by the temperature depth profiles of the TMSs,
since the absence of well screens and the small diameter of the TMSs produces large critical
thermal gradients (Table 1), which exclude forced convection and significantly minor
natural convection. Figure 6 plots the thermal gradients across depth steps of 0.5 m (G0.5).
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Figure 6. Thermal gradients (G0.5) between each measuring step of 0.5 m for selected boreholes;
(a) B1; (b) B4; (c) B6.

In all of the boreholes, different thermal gradients occurred within the water columns
in the MWs. The absolute values of G0.5 increased with decreasing distance from the
surface. The largest downward positive gradient of 1.2 K/m arose in B5 in February. In the
upper part of the water column, positive gradients were observed especially in the first half
of the study period. Lower down in the water column of the MWs, positive gradients were
recorded at later measurement times, with zero thermal gradients or negative gradients
prevailing in the upper section of the column.

Significant values for ∆T were observed predominantly in the upper part of the water
column in the MWs down to a depth of 1.5 m below groundwater level. (Area A). The
influence of the thermal gradient on the observed temperature deviations for this area
was therefore examined (Figure 7). At each measuring step in the depth range 0.0–1.5 m
below groundwater level, a linearly interpolated thermal gradient (G2.0) (interpolation
length: 2 m) was calculated. As sudden changes in the gradient can occur near the surface
(see Figure 6), determining the thermal gradient over a distance of 2 m provides a more
representative description of the thermal conditions in this area.

In B1, most of the G2.0 thermal gradients had values ≥0.0 m/K. As the distance
from the surface to the groundwater level decreased, the number of positive thermal
gradients was found to decrease. In B3 to B6, for example, only four positive gradients at
z = 0.0 m were observed. Equally, the greater the depth, the larger the number of positive
thermal gradients (G2.0 ≥ 0.0 m/K) observed. In B3, B5, B5 and B6, the maximum value
of G2.0 measured was 0.8 K/m; in B1 and B2, the maximum values were 0.6 K/m and
0.5 K/m, respectively. In the latter half of the measuring period from June to October,
negative gradients were found depending on the surface-to-groundwater distance or the
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depth below groundwater level. As mentioned earlier, in the depth range 0.0–1.5 m below
groundwater level, only positive significant values of ∆T were observed. Furthermore, these
temperature differences were for the most part associated with positive thermal gradients.
Only at z = 0.0 m were occasional significant temperature differences in combination with
negative gradients found.
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Figure 7. Correlation between ∆T and the thermal gradient interpolated over a distance of 2 m
at a certain depth (G2.0) and the linear regression for G2.0 ≥ 0.0 m/K; (a) z = 0.0 m; (b) z = 0.5 m;
(c) z = 1.0 m; (d) z = 1.5 m. The area bounded by the dashed red lines represents the measurement
accuracy of the TLC-meter (∆T ≤ 0.2 K). Temperature differences outside of the dashed lines are
considered significant.

On the simplifying assumption that G2.0 and ∆T correlate linearly, the Pearson coeffi-
cient (r) was calculated for each depth and each borehole (Table 3). As natural convection
only starts when a critical positive thermal gradient is exceeded, only thermal gradients
of G2.0 ≥ 0.0 m/K were considered. As can be seen in Table 3, clear correlations (r ≥ 0.5)
are found in each borehole at at least two depths. In the boreholes B3, B4, B5 and B6, r
coefficients ≥ 0.8 occurred.

Table 3. Pearson’s coefficient (r) for the linear correlation between G2.0 and ∆T at different depths
and for different boreholes and r is bold, when the p-value is less than or equal to the significance
value of 5% and the correlation is thus significant. The table also lists the threshold gradient (Gt)
above which ∆T is considered significant based on a linear regression analysis. In this study only
values of G2.0 ≥ 0.0 m were used.

z
B1 B2 B3 B4 B5 B6 Total

r Gt r Gt r Gt r Gt r Gt r Gt r Gt

0.0 0.0 - 0.2 - 0.9 0.3 0.5 0.2 0.6 0.2 0.7 0.4 0.5 0.3
0.5 0.6 0.3 0.5 0.3 1.0 0.4 0.8 0.3 0.7 0.3 0.8 0.2 0.7 0.3
1.0 0.7 0.3 0.6 0.3 0.9 0.5 0.9 0.5 0.9 0.4 0.3 - 0.7 0.4
1.5 0.7 0.3 −0.2 - 0.9 0.8 0.8 0.5 0.5 0.5 0.3 - 0.7 0.4
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When all of the values at each step were included, a significant and clear correlation
was found at z = 0.0 m (r = 0.5) and at z = 0.5–1.5 m (r = 0.7). Using linear regression, it
is possible to determine the threshold thermal gradient (Gt) for all boreholes and depths
for which ∆T > 0.2 K. When all of the data are considered, the threshold thermal gradient
Gt lies between 0.3 K/m and 0.4 K/m. Some values of Gt deviate significantly from these
values, with the largest maximum value of Gt (0.8 K/m) found in B3 at z = 1.5 m.

4. Discussion
4.1. Deviations of GWT from the Ambient Subsurface Temperature in MWs

Measured subsurface temperatures in TMSs show well-known temperature depth
profiles with seasonal variations as described e.g., by Kurylyk et al. [49]. Similarly, seasonal
shifts in the GWT were observed in all MWs. As described above, the natural thermal
conditions within the subsurface of the test site are assumed to be disturbed due to op-
erational and leak testing of the LSC. At approximately 10 m below ground level, small
temperature fluctuations were still present, except in borehole B6, thus the neutral zone
had not yet been reached at this depth. The neutral zone is the subsurface zone that is no
longer thermally influenced by the climate at the surface; it is normally located at depths of
10 m or more [10].

As the maximum thermal gradient observed in this study was G0.5 = 1.2 K/m, it
was assumed that no significant natural convection occurred in the TMSs, particularly in
the groundwater zone. According to Table 1, the simplified critical thermal gradient for
natural convection in water columns with a diameter of 25 mm at a temperature of 10 ◦C is
1.3 K/m. The measured temperature can therefore be regarded as the actual temperature of
the surrounding subsurface. For the measurements conducted in February, the TMSs had a
diameter of 32 mm and thus a lower critical thermal gradient of 0.5 K/m. In February, this
critical value was occasionally exceeded thus natural convection in the TMSs in February
cannot be ruled out. However, due to the significantly smaller diameter of the water column
in a TMS compared to a MW, it was assumed that natural convection had significantly less
effects on the temperature measurements in TMSs than in MWs.

According to Figure 3, there are three significant areas in the water column with
clusters of ∆T > 0.2 K. The possible causes for these temperature deviations will be discussed
in detail in Sections 4.2 and 4.3. Area A occurred in all boreholes down to a depth of 1.5 m
below groundwater level and is primarily caused by thermal convection. The deviations in
Area B and Area C are also mainly caused by convection. Area D was observed only in
borehole B3. Here, forced convection creates a downward flow leading to GWTs that are
colder than the actual temperature of surrounding subsurface.

Transcurrent flow as a possible decisive cause for temperature deviations in screened
MWs can be ruled out. The groundwater flow direction in the shallow area is determined by
the gaining stream “Usa” east of the test site. Therefore—in a large-scale consideration—a
one-dimensional flow direction was predominantly assumed, especially for the shallow
groundwater in the bench gravels.

4.2. Impact of Forced Convection on GWT Measurements

Between March and July, rapid temperature jumps were observed in the MW in
borehole B3 in the depth-range 7.3–7.6 m below ground level. The GWT was up to 0.8 K
colder than in the subsurface above where the temperature jumps occurred. The electrical
conductivity of the groundwater was also found to increase in the same depth range as the
jumps in the GWT. At this depth, beneath a thin layer of confining clay, the geological unit
comprises silt with stony basalt components. Deeper down, below the bottom of the MW,
the crumbly basalt was found to be water-bearing while drilling. The increased electrical
conductivity measured at this depth indicates that the silt with stony basalt components is
permeable to a certain extent and is at least temporarily water-bearing and of higher salinity.
Higher values of EC in the subsurface in Bad Nauheim have already been reported [50].
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Because GWT was colder above the depths in which the temperature jumps were
measured, natural convection due to a positive thermal gradient can be ruled out as the
cause. Furthermore, the greater salinity and thus higher density of the deeper groundwater
would impede natural convection [35]. As the increasing EC values showed at least
temporary correlation with the observed temperature jumps, pollution can also be excluded
as a cause.

According to Berthold and Börner [35], vertical downward flows within MWs in
combination with a positive downward thermal gradient leads to local GWTs that are
colder than the ambient surface temperature. As can be seen in Figure 8, the negative
temperature deviations observed from April to July can also be explained by downward
flow in the MW. In this case, groundwater flows from the bench gravel into the MW and
flows out again at the deeper decomposed basalt layer, where salinity is higher. Due to a
positive thermal gradient between the in- and outflow sections of the well, colder GWTs
are measured.

Geosciences 2022, 12, x FOR PEER REVIEW 15 of 22 
 

 

than in the subsurface above where the temperature jumps occurred. The electrical con-

ductivity of the groundwater was also found to increase in the same depth range as the 

jumps in the GWT. At this depth, beneath a thin layer of confining clay, the geological 

unit comprises silt with stony basalt components. Deeper down, below the bottom of the 

MW, the crumbly basalt was found to be water-bearing while drilling. The increased elec-

trical conductivity measured at this depth indicates that the silt with stony basalt compo-

nents is permeable to a certain extent and is at least temporarily water-bearing and of 

higher salinity. Higher values of EC in the subsurface in Bad Nauheim have already been 

reported [50]. 

Because GWT was colder above the depths in which the temperature jumps were 

measured, natural convection due to a positive thermal gradient can be ruled out as the 

cause. Furthermore, the greater salinity and thus higher density of the deeper groundwa-

ter would impede natural convection [35]. As the increasing EC values showed at least 

temporary correlation with the observed temperature jumps, pollution can also be ex-

cluded as a cause. 

According to Berthold and Börner [35], vertical downward flows within MWs in 

combination with a positive downward thermal gradient leads to local GWTs that are 

colder than the ambient surface temperature. As can be seen in Figure 8, the negative tem-

perature deviations observed from April to July can also be explained by downward flow 

in the MW. In this case, groundwater flows from the bench gravel into the MW and flows 

out again at the deeper decomposed basalt layer, where salinity is higher. Due to a posi-

tive thermal gradient between the in- and outflow sections of the well, colder GWTs are 

measured. 

    

(a) (b) (c) 

 

Figure 8. Temperature deviations in MWs due to forced convection. Temperature depth profiles 

MW (solid line) and surrounding subsurface (TMS, dashed line line) with main soil types and hard 

rock, flow directions from surrounding bedrock and within MW for selected measuring times based 

on schematic figures in Berthold and Börner [35]; (a) May; (b) June and (c) March. For ease of rep-

resentation, interjacent silt layers in the bench gravel were neglected. Moreover, only flow directions 

caused by forced convection are shown. 

In March, another conductivity and temperature jump in the depth range 6.3–6.8 m 

below ground level was observed. At this time of the year, Area D was located in the 

3

4

5

6

7

8

8 9 10 11 12 13

d
ep

th
 [

m
  b

. 
g

. l
.]

T [°C]B3 May 

3

4

5

6

7

8

8 9 10 11 12 13
d

ep
th

 [
m

  b
. g

. l
.]

T [°C]B3 June 

3

4

5

6

7

8

8 9 10 11 12 13

d
ep

th
 [

m
  b

. g
. l

.]

T [°C]B3 March 

silt gravel clay silt / basalt  well screen

Figure 8. Temperature deviations in MWs due to forced convection. Temperature depth profiles
MW (solid line) and surrounding subsurface (TMS, dashed line line) with main soil types and
hard rock, flow directions from surrounding bedrock and within MW for selected measuring times
based on schematic figures in Berthold and Börner [35]; (a) May; (b) June and (c) March. For ease
of representation, interjacent silt layers in the bench gravel were neglected. Moreover, only flow
directions caused by forced convection are shown.

In March, another conductivity and temperature jump in the depth range 6.3–6.8 m
below ground level was observed. At this time of the year, Area D was located in the gravel
aquifer. This can be explained by assuming a temporary and less pronounced upward flow
from the decomposed basalt within the MW. The positive but non-significant ∆T below
Area D combined with a negative thermal gradient in October also suggest that there is
a temporary upward flow in the lower section of the MW. The positive deviations in the
upper part of the water column (Area A) in March are caused by thermal convection, as
described in the following section.

4.3. Impact of Thermal Convection on GWT Measurements

According to Table 1, the critical thermal gradient for natural convection to occur
in water columns in MWs with a diameter of 80 mm is 0.01 K/m. As the downward
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positive thermal gradients nearly always exceeded this critical value, thermal convection
was present in the MWs.

However, as EC gradients were detected that were equal to zero or were slightly
negative in the downward direction, solutal convection could be ruled out as a decisive
factor for vertical flow. In B3, vertical flow driven by forced convection was identified.
The strongly increasing values of EC in the lower part of the water column also have a
stabilising effect on natural convection.

Exclusively positive significant temperature deviations were found in Area A in each
borehole. These deviations correlate well with the prevailing positive thermal gradients
(G2.0), as can be seen in Figure 7 and Table 3. Furthermore, significant deviations associated
with negative thermal gradients were observed in Area A at z = 0.0 m below groundwater
level. An argument supporting the idea that these temperature deviations are caused
by thermal convection is that they only arise when there are positive gradients and that
we observed no significant negative deviations in combination with negative gradients.
However, the presence of small-scale forced upward flows cannot be completely ruled out.

Significant deviations with negative gradients were measured sporadically at times of
warm surface temperatures. These results can be explained if it is assumed that the probe
of the TLC-meter was still warm (as a result of the higher surface air temperatures) when
inserted and this affected the temperature measurement at the groundwater table. The
lower Pearson coefficient for z = 0.0 m can therefore be explained. The material of the well
casing itself has no influence on the subsurface temperature [8].

Just as with Area A, the deviations in Area B also occurred with positive thermal
gradients and can thus be explained by thermal convection. These deviations occurred in
combination with a positive thermal gradient in Area B, but with a locally negative gradient
or gradient equal to zero in Area A. This was particularly observed in borehole B5 in the
period May–July (Figure 5c). Similarly, the significant negative temperature deviations
in Area C are accompanied by positive thermal gradients in the lower part of the water
column. From this, it is deduced, that colder water sinks due to thermal convection leading
to the observed negative temperature deviation. The effects of thermal convection and
forced convection observed in this study are shown for each borehole in Figure 9.

In thermal convection, water circulates due to density differences in the section of
the water column in which there is a downward positive thermal gradient [35]. In wells
with diameters of 4.8 cm, these convection cells can extend up to 0.5 m in height and they
can reach even higher in larger diameter wells [41]. The fact that the thermally driven
deviations are greatest in the vicinity of the groundwater table and that they decrease
with depth can be explained by the fact that a sort of stack of convection cells forms and
warmer water is transported upwards within the MW via these convection cells. In the
middle of the water column, the temperature is stabilised by convection cells above and
below this zone, at least within the accuracy levels applicable to field-based temperature
measurements. This is also the reason why the deviations in Area B only occur with
negative gradients or gradients equal to zero in the upper area. Correspondingly, cold
water is transported downwards through the pile of convection cells, resulting in negative
deviations at the lower end of the water column with a positive gradient. In the middle of
the water column, the inflow of groundwater through the well screen may also provide
additional temperature stabilisation.

The deviations are greatest in the upper part of the water column where there are
greater thermal gradients due to the shorter distance to the surface. These deviations are
therefore of particular importance for evaluating GWT measurements in practice. Therefore,
the threshold thermal Gt, above which significant temperature deviations (∆T > 0.2 K)
are likely to occur in the upper part of the water column, was calculated for MWs with a
diameter of 80 mm. However, as can be seen in Table 3, there are significant differences in
Gt between boreholes, thus this should only be considered as a rough guide. In general,
for thermal gradients of 0.3 K/m, the possibility of temperature deviations should be
considered when evaluating GWT measurements. Since thermal convection in a water
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column is also dependent on the diameter, a lower value of Gt can be expected for larger
diameter columns.

Geosciences 2022, 12, x FOR PEER REVIEW 17 of 22 
 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

 

Figure 9. Temperature depth profiles in a MW and in surrounding subsurface and the dominant 

causes for temperature deviations: thermal convection (tc), forced convection (fc) or air temperature 

(at); (a) B1 in March; (b) B2 in April; (c) B3 in April; (d) B4 in March; (e) B5 in July; (f) B6 in April. 

In thermal convection, water circulates due to density differences in the section of the 

water column in which there is a downward positive thermal gradient [35]. In wells with 

diameters of 4.8 cm, these convection cells can extend up to 0.5 m in height and they can 

reach even higher in larger diameter wells [41]. The fact that the thermally driven devia-

tions are greatest in the vicinity of the groundwater table and that they decrease with 

depth can be explained by the fact that a sort of stack of convection cells forms and warmer 

water is transported upwards within the MW via these convection cells. In the middle of 

the water column, the temperature is stabilised by convection cells above and below this 

zone, at least within the accuracy levels applicable to field-based temperature measure-

ments. This is also the reason why the deviations in Area B only occur with negative gra-

dients or gradients equal to zero in the upper area. Correspondingly, cold water is trans-

ported downwards through the pile of convection cells, resulting in negative deviations 

at the lower end of the water column with a positive gradient. In the middle of the water 

2

3

4

5

6

7

8

9

10

11

8 9 10 11 12 13

d
ep

th
 [

m
  b

. g
. l

.]

T [°C]B1 

tc

tc

2

3

4

5

6

7

8

9

10

11

8 9 10 11 12 13

d
ep

th
 [

m
  b

. g
. l

.]

T [°C]B2  

tc

2

3

4

5

6

7

8

9

10

11

8 9 10 11 12 13

d
ep

th
 [

m
  b

. g
. l

.]

T [°C]B3  

tc

fc

2

3

4

5

6

7

8

9

10

11

8 9 10 11 12 13

d
ep

th
 [

m
  b

. g
. l

.]

T [°C]B4 

tc

tc

2

3

4

5

6

7

8

9

10

11

8 9 10 11 12 13

d
ep

th
 [

m
  b

. g
. l

.]

T [°C]B5 

tc

tc

2

3

4

5

6

7

8

9

10

11

8 9 10 11 12 13

d
ep

th
 [

m
  b

. g
. l

.]

T [°C]B6 

tc

tc

at

temperature of surrounding subsurface (TMS) temperature measured in MW well screen

Figure 9. Temperature depth profiles in a MW and in surrounding subsurface and the dominant
causes for temperature deviations: thermal convection (tc), forced convection (fc) or air temperature
(at); (a) B1 in March; (b) B2 in April; (c) B3 in April; (d) B4 in March; (e) B5 in July; (f) B6 in April.

These threshold thermal gradients are mainly reached during the cold season, but the
distance from the groundwater level to the surface must also be considered. At greater
depths, these threshold thermal gradients will be observed delayed, thus positive thermal
gradients can also occur in the warmer season (Area B). Similarly, a cooling of the shallow
subsurface, e.g., due to geothermal use, can be expected to increase the thermal gradient.

4.4. Recommended Monitoring Concept for LSCs

LSCs, as described by Zeh et al. [28], have not found widespread use thus far. However,
as these systems extract heat or cold from the very shallow subsurface over a large area,
groundwater monitoring should be installed to observe the thermal impact of the system,
especially when groundwater-to-surface distances are small. This type of monitoring is
already being carried out for other geothermal systems. The normal method of measuring
GWT involves the use of screened MWs. In view of the results from this study, the question
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arises as to which kind of well casing should be used in order to obtain temperature
measurements of sufficient accuracy.

Climate conditions at the surface continue to influence the temperature in the subsur-
face down to depths of 10–15 m [10]. This results in larger thermal gradients. Due to these
larger positive thermal gradients, temperature deviations caused by thermal convection
become more prevalent. When heat is extracted from the subsurface, due to the presence of
an LSC, these positive thermal gradients can become even larger.

In this study, deviations up to 1.8 K at the groundwater table and 1.0 K at 0.5 m
below groundwater level were measured in screened MWs due to thermal convection.
With larger diameters or different thermal conditions, temperature deviations can be
even higher [41,45]. Given the permissible temperature differences for (open) shallow
geothermal systems of ±6 K in Germany or ±3 K in Switzerland [34], these deviations
can be crucial when evaluating GWT measurements. This could, for instance, result in an
incorrect measurement of the cooling of very shallow groundwater.

In light of these findings, MWs with very small diameters, such as piezometers, are
more suitable, as they significantly reduced the effects of thermal convection. However,
forced convection due to existing well screens is still possible. The effects of forced con-
vection can be reduced by reducing the length of screen. To reduce the effects of natural
convection and to fully prevent forced convection, TMS well casings with no screen and
with small diameters can be used. In addition, the temperature of the unsaturated zone can
also be measured. However, these systems provide no information on the groundwater
level. Well screens are also required in order to carry out groundwater sampling, e.g.,
for groundwater quality monitoring as recommend by Hähnlein et al. [34], or to perform
hydraulic aquifer tests such as pumping tests.

For GWT monitoring at LSC sites the configuration used in this study, i.e., the combi-
nation of a TMS and an MW installed in a single borehole, is generally recommended. As
this does not increase the number of required boreholes, it also helps to limit additional
costs. However, the monitoring concept should always be adapted to the conditions on
site and the specific water management requirements. In particular, the effects of forced
convection or solutal convection are strongly dependent on the local hydrogeological con-
ditions. Finally, it should be noted that even when using the variant proposed here with a
combination of MWs and TMSs, convection processes may still occur due to filling of the
borehole with filter gravel, which can lead to temperature deviations in the TMS itself.

The advantages offered by different well casings in boreholes for monitoring of very
shallow geothermal systems are summarised in Table 4.

Table 4. Benefits and possible investigations of different kinds of well casings; MW = mon-
itoring well with a diameter ≥ 50 mm; PM = Piezometer (small diameter with filter screen);
MW/TMS = monitoring well and temperature measuring station combined in one borehole;
TMS = non-screened temperature measuring station with small diameter.

Benefit of Specific Well Casing MW PM TMS MW/TMS

groundwater level + + − +
temperature in unsaturated zone − − + +

continuous temperatures with data logger + −/+ + +
minimised natural convection − + + +

no forced convection − −/+ + +
pumping tests or other hydraulic tests + − − +

groundwater sampling + − − +

Natural convection currents can also be prevented through other methods. For exam-
ple, well fillers with lower viscosity can be used [45]. If these can be removed from the well
by purging, pumping tests and sampling can also be carried out.
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Moreover, the effects of convection on GWT measurements should be considered
in other hydrogeological applications, such as investigations into recharge and percola-
tion [51–54] or exchange processes with surface waters or wetlands [55–57].

5. Conclusions

From February to October 2021, temperature measurements were conducted in ground-
water monitoring wells and in water-filled well-casings without screens, each installed in a
single borehole. Comparison of the temperature–depth profiles show that the temperatures
measured in the monitoring wells differ from those recorded in the TMSs. In the upper wa-
ter column of the MWs groundwater temperatures that measured up to 1.8 K warmer were
observed. These observed temperature deviations correlate clearly to the thermal gradient.
It was concluded that the deviations were driven by natural thermal convection currents.
As an initial benchmark for guidance purposes, significant temperature deviations in the
upper part of the water column can be expected when the thermal convection gradient is
0.3 K/m or higher.

As the critical gradient for natural convection in the TMSs was not reached, the water
column in these measuring systems can be considered to be stable and to represent the
prevailing thermal conditions in the surrounding bedrock. Other temperature deviations
observed in the monitoring wells were attributed either to natural convection or to forced
convection in the wells. In B3, this resulted in groundwater temperatures that measured
up to 0.8 K colder due to the downward flow of the groundwater. This vertical flow
was caused by different hydraulic heads in permeable layers, which were separated by a
non-permeable clay layer, within the well screen section.

As the installation of large-scale geothermal collector systems would lead to greater
cooling in the shallow subsurface zone, which would intensify the downward positive
thermal gradient, increases in temperature deviations of monitoring wells are to be ex-
pected. It is therefore recommended that, depending on the specific requirements of the
water management monitoring programme, a combination of monitoring wells and non-
screened well casings with small diameters should be used in order to obtain reliable
temperature measurements while also allowing for further hydraulic investigations or
groundwater sampling.
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