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Abstract

The countless kettle holes in the Late Pleistocene landscapes of Northern Europe are

hotspots for biodiversity and biogeochemical processes. As a rule, they are hydrauli-

cally connected to the shallow groundwater system. The rapid, intensive turnover of

carbon, nutrients and pollutants in the kettle holes therefore has a major impact on the

quality of the shallow groundwater downstream. As a result of high-evapotranspiration

rates from their riparian vegetation or strong storm events, the process of downstream

groundwater flow may stagnate and reverse back towards the kettle hole, making

interactions between the groundwater and kettle hole more complex. Furthermore,

the highly heterogeneous soil landscape in the catchment contributes to this complex-

ity. Therefore, the present study aims to enhance our understanding of this

complicated interaction. To this end, 24 model variants were integrated into Hydro-

GeoSphere, capturing a wide range of uncertainties in quantifying the extent and tim-

ing of groundwater flow reversal between a kettle hole and the adjacent aquifer. The

findings revealed that the groundwater flow reversal lasted between 1 month and

19 years at most and occurred in a distance of more than 140 m downstream of the

kettle hole. Our results demonstrated that the groundwater flow reversal arises espe-

cially often in areas where the shallow aquifer possesses low-hydraulic conductivity.

There may also be a recurrent circulating flow between the groundwater and kettle

hole, resulting in solute turnover within the kettle hole. This holds particularly true in

dry periods with medium to low-water levels within the kettle hole and a negative

water balance. However, shallow groundwater flow reversals are not necessarily a con-

sequence of seasonal effects. In this respect, the properties of the local shallow aquifer

by far outweigh the effect of the kettle hole location in the regional flow regime.

K E YWORD S

groundwater flow reversal, HydroGeoSphere, kettle hole, numerical experiment, surface–
groundwater interaction

1 | INTRODUCTION

Surface waters and groundwater bodies are closely related. Neverthe-

less, they have often been studied separately in different environmental

disciplines (Akbari et al., 2022; Bailey et al., 2016; Winter, 1999;

Winter, 2001). Under certain circumstances they are treated as a single

entity or the interface between the two and the exchange of water and

solute is simplified (Taie Semiromi and Koch, 2019). For example, the
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exchange flow between a groundwater domain and lake is assumed to

be stable where the groundwater aquifer is constantly replenished by

the lake inflow. In reality, however, the lake–groundwater interactions

are highly dynamic in time and space (Bailey et al., 2016). This common

approach can be particularly problematic for landscapes where the ter-

rain is spotted with thousands of water-filled glaciogenic depressions

known as kettle holes.

Kettle holes are postglacial landscape features typical of the

young Pleistocene moraine areas in Northern Europe and Northern

America. The term “kettle holes" is used by preference in Europe

(Kalettka & Rudat, 2006; Schweizer, 2012), while “potholes” is a syno-

nym in Northern America (Mitsch & Gosselink, 2015). In the northeast

of Germany, kettle holes are estimated to range in number from

150 000 to 300 000, broadly populating an area of 38 000 km2. Ket-

tle holes are distinguished from lakes by their smaller water surface

area of up to one hectare, making them more prone to falling dry. Ket-

tle holes have a high informative value. Their hydrological function is

viewed as a suitable indicator not only for assessing of the changes

related to the regionally connected hydrological system (Amado

et al., 2018; Hayashi et al., 2016) but also for tracing water and matter

through the hydrologic cycle. In comparison with larger water bodies,

kettle holes receive substantially larger inputs of pesticides (Lorenz

et al., 2017), plant biomass, soil particles via erosion, and nutrients

(e.g., fertilizers) (Nitzsche et al., 2017) due to their close connection to

adjacent agricultural fields, in combination with their intrinsically shal-

low water system. Therefore, the particular importance of kettle hole/

pothole hydrology is in understanding the processes influencing the

quality and quantity of individual water components in the water bal-

ance equation, how they interact, and how they react to climatic vari-

ability and land-management practices (Nitzsche et al., 2017).

In this context, the kettle holes memory effect, their role in soil

moisture enhancement (Hayashi et al., 2003; Logan & Rudolph, 1997),

and their focused groundwater recharge (Berthold et al., 2004) are

regarded as important hydrological functions, while their maintenance

of regional biodiversity and stability is considered an important eco-

logical function (Downing, 2010). Thus, kettle holes play a crucial role

as hotspots for biodiversity (Pätzig et al., 2012), material accumulation

(Kalettka et al., 2001; Kazmierczak, 1997), biogeochemical transfor-

mations (Lischeid & Kalettka, 2012) and chemical leaching into shal-

low groundwater (Derby & Knighton, 2001; Hayashi et al., 2003;

Parsons et al., 2004; Stumpp & Hendry, 2012).

Kettle holes are often surrounded by uplands and appear to be

isolated from each other or even from nearby streams in terms of

water exchange (Cohen et al., 2016; Leibowitz, 2015). Nonetheless,

the term “isolated” has been criticized as a misnomer

(Leibowitz, 2015; Mushet et al., 2015) because physiographically iso-

lated kettle holes can receive groundwater inflows from shallow

groundwater flow systems that extend well beyond their surface

watershed (Winter et al., 2003). This is the only possible type of

almost continuous hydrological connection between kettle holes of

different areas that drain internally without appreciable surface runoff

(Neff & Rosenberry, 2018), as it is the case in the Uckermark region,

located in the northeast of Brandenburg, Germany (Lischeid

et al., 2018).

The Kettle holes' effect on the water quality is dependent on the

concentrations and loads received from the groundwater, as well as

the water residence time in the kettle holes, which is important for

the kinetics of the substance transformation processes. In that regard,

groundwater that has already flowed through a kettle hole is of a dif-

ferent quality from the water that enters the kettle hole on the

upstream side. These effects need to be considered quantitatively

when investigating biogeochemical processes in a kettle hole. In that

regard, Hayashi et al. (1998) investigated the water and solute trans-

fer between a pothole and the adjacent shallow aquifer. The interac-

tion between potholes and their shallow groundwater domains is

described by van der Kamp and Hayashi (2009) and analysed by Hea-

gle et al. (2013) and Ferone and Devito (2004). In addition, kettle

holes can be regarded as windows posing a high risk of contamination

to groundwater. This especially holds true for regions in which multi-

ple kettle holes are often located along the same groundwater flow

line (Lischeid et al., 2016), meaning that cumulative effects have to be

considered.

Different situations can lead to the downstream flow of the

adjoining shallow groundwater to reverse back to a kettle hole. For

instance, high evapotranspiration via plants (i.e., reeds, bulrushes, etc.)

in the encircling vegetation belt (Winter, 1999; Xu & Ma, 2011) may

reverse the groundwater flow as explored by several studies

(e.g., Ferone & Devito, 2004, Gerke et al., 2010, Heagle et al., 2013,

van der Kamp and Hayashi, 2009). Moreover, heavy storms or wet

periods can result in groundwater mounding, reversing the flow from

the groundwater towards the kettle hole. Although this phenomenon

is well known for larger water bodies such as lakes, bogs, and so forth.

(e.g., Anderson & Munter, 1981; Devito et al., 1997; Fraser

et al., 2001; Winter, 1999), it has been poorly documented for kettle

holes to date. In these conditions, understanding the hydraulic head

dynamics in both the groundwater and kettle hole becomes much

more complex. Gerke et al. (2010) described the importance of the

colluvial fringe of kettle holes as a sensitive area for lateral exchange

fluxes and pointed out the limitations induced by the unknown com-

plexity of relevant soil hydraulic properties and sediment structures.

This kind of complexity due to erosion processes sometimes has also

affected the areas where groundwater is recharged. When the unsat-

urated zone varies in thickness due to the surface relief, this can cause

the groundwater recharge to be completely different in terms of time

and quantity even under very similar soils. However, this is not the

only complexity that causes problems when modelling flows to or

from groundwater (Groh et al., 2020).

As the findings of field studies are difficult to generalize, in partic-

ular for larger surface waters such as lakes, several analytical, steady-

state, transient and often hypothetical modelling approaches were

developed in the past to classify possible flow regimes (Anderson &

Munter, 1981; Townley & Davidson, 1988; Winter, 1976;

Winter, 1983; Zheng et al., 1988).

Since then, attention has also been paid to the simulation of the

water balance and subsurface interconnection among kettle holes

(e.g., Liu et al., 2016, Amado et al., 2018, Vyse et al., 2020). The flow

regime and the mixing between the kettle hole and groundwater can

be simulated in a significantly more reliable manner if the
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hydrologically relevant properties of a landscape can be considered

using plausible parameters included in different model variants cover-

ing a wide range of uncertainty.

Along with other hydrological models, recent studies have

employed the state-of-the-art, fully integrated hydrological model

HydroGeoSphere (HGS) (Aquanty, 2013) to quantify the pothole/

kettle hole–groundwater exchange. Golden et al. (2014) and Amado

et al. (2018) assert, for instance, that HGS could provide a useful

insight into the key hydrological processes involved in the land sur-

face and the unsaturated and saturated domain, which control the

hydrologic connectivity between potholes and the proximate shallow

groundwater system.

As kettle holes are expected to have a significant impact on water

quality and biogeochemical processes, the overall objective of the pre-

sent study is to improve our understanding of the flow exchange

between the groundwater and kettle hole, enabling us to characterize

and quantify the interaction between these two compartments. To do

so, we quantify the potential lateral flow exchange between a kettle

hole and its adjacent shallow aquifer. In particular, we assess the

range and duration of associated groundwater flow reversals between

these two compartments. This study is not focused on specific condi-

tions at a single site; rather, it aims to propose a modelling approach

for plausibly evaluating the poorly documented process of groundwa-

ter flow reversal from an aquifer towards a kettle hole in a very het-

erogeneous landscape.

2 | MATERIALS AND METHODS

2.1 | Modelling approach

The numerical experiment was performed using the process-based

hydrological model HGS mentioned above. The HGS code solves the

fully integrated surface and subsurface water flow and solute trans-

port problems in variably saturated media (Therrien et al., 2010). Fur-

ther, the 2D diffusive-wave equation and the 3D form of the Richards

equation are solved simultaneously using a globally implicit approach.

Evapotranspiration processes are simulated using the formulation pre-

sented in Kristensen and Jensen (1975). Details of the HGS model

and the processes and numerical methods implemented can be found

in the HGS user manual (Aquanty, 2013).

The particular challenge when implementing the model in the

Pleistocene sediments is the known presence of manifold small-scale

heterogeneities (Gerke et al., 2010), which cannot be assessed in suf-

ficient detail using available resources because they are usually

unknown and often transient.

For this reason, a highly simplified vertical section model from a

real geometric situation was implemented here in HGS. The effects of

various sources of uncertainty, including the described heterogene-

ities, were considered by running numerous model variants with dif-

ferent parameterizations and boundary conditions. Consequently, the

following properties were varied in a systematic way:

• Lateral boundary condition;

• Hydraulic conductivity and depth of the lower semi-permeable

subsurface (aquitard);

• Texture and hydraulic parameters of the shallow aquifer.

Finally, in the case of relevant model variants, a transport bound-

ary condition was added at the bottom of the kettle hole to investi-

gate the transient dispersion of kettle hole water.

2.2 | Study site and spatial discretization

The study site is in the northeast of Brandenburg, Germany. Figure 1

shows the area and position of the kettle hole in question, situated

across a flat slope topography between an overlying and an underly-

ing kettle hole; a constellation that is common in this hummocky

landscape. In this study, this example serves as a prototype for

developing a simplified parsimonious structural model that later

form a basis for different hydraulic models with individual parame-

terizations within the possible range of Pleistocene sediments,

including different thicknesses and hydraulic model boundary

conditions.

In this respect, data from an intensively studied region in north-

eastern Brandenburg, Germany, (Kleeberg, Neyen, & Kalettka, 2016),

synthesized with regional data following (Merz & Steidl, 2015) and

(Premke et al., 2016), were considered to derive reasonable internal

geometries and parameter ranges for modelling. For example, as the

thickness of the lower semipermeable layer of glacial till significantly

exceeds that of the overlying sediments (Merz & Steidl, 2015), a uni-

form elevation of 80 m a.s.l. was taken as the lower boundary of the

model domain (Figure 2). The glacial till is overlaid with a thin layer of

silty, sandy and gravelly sediments (Merz & Steidl, 2015), which

enable subsurface flow processes to occur between hydraulically con-

nected kettle holes on the one hand and thus the kettle hole and

groundwater on the other hand.

The Grid Builder (McLaren, 2008) was used at section A-B (see

Figure 1) to transform the terrain surface into a 2D mesh about 1.5 m

in width, which is spatially discretized into triangular elements.

Between the lower model domain border and this 2D mesh, with ter-

rain elevations as the upper model domain border, nine finite element

layers were discretized in a 3D mesh with increasing mesh refinement

near the terrain surface (Figure 2). The uppermost nodes match those

of the 2D surface mesh. This adjustment was made to improve

numerical performance and the quality of the solution at the interface

between the upper sediment layer and the atmosphere. Finally, the

structural model includes a model area with a length of 402 metres, a

width of 1.5 metres and an average thickness of 9.8 metres with a

total of 7254 elements and 8080 nodes in a quasi-vertial plane

section.

The glacial till represents the lower semipermeable layer

(Figure 2). This was specified as clay and was parameterized according

to the ROSETTA code (Schaap et al., 2001). ROSETTA uses pedo-

transfer functions to predict the water retention, the unsaturated

hydraulic conductivity parameters and the saturated hydraulic con-

ductivity (Ks) (Van Genuchten, 1980) in a hierarchical manner.
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Dynamics and variability in agricultural land use were neglected.

In this case, the grass cover was defined as homogenous.

2.3 | Model variants

The numeric experiment followed a full factorial design with four fac-

tors represented by two or three levels for each factor, resulting in

24 model variants in total. Each model run is characterized by a four-

letter code (Table 2).

The first factor was realized by two variants of the lateral bound-

ary conditions. The second factor was varied by the thickness of the

top sediment layer, that is, the depth of the interface between the top

sediment layer and the glacial till (Figure 2). The third factor was the

hydraulic conductivity of the aquitard, which affects the downward

leakage flux. For a clear distinction between the two values, we used

F IGURE 2 Cross section along the vertical plane showing the model domain dimensions of the kettle hole between the adjacent overlying
(upstream) and underlying (downstream) kettle holes with sediment layers, boundary conditions and model internal observation wells (A, B see
Figure 1). Note different scaling of the x- and y-axes.

F IGURE 1 The oldest main end
moraine (lines) of the Weichselian
Pleistocene glaciations with thousands of
kettle holes occurring northeast of the
divide (left) and the abstracted model
section A, B (right) with the main area of
interest (black line) and its extensions
(grey lines).
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the terms “slight” and “weak” to denote a very low and even a much

lower hydraulic conductivity, respectively, as compared to those of

the top sediment layers. The final factor comprises three variants of

the sediment texture of the top layer, which is closely related to the

hydraulic properties (Table 1). In all variants, however, the upper con-

fining bed is represented by the sediments of the unconfined aquifer,

whereas the underlying glacial till is specified as clay (Figure 2).

In total, 24 model variants were compiled (Table 2), making it pos-

sible to characterize and therefore simulate a wide range of possible

subsurface conditions.

2.4 | Boundary and initial conditions

Daily precipitation and potential evapotranspiration values for the

period from 1 September 1991 to 3 October 2013 were used as the

top boundary condition of the model domain. The required data were

collected from the meteorological station in Dedelow, near the study

site (Verch, 2014). For the area around the kettle hole grass-reference

evapotranspiration (Allen et al., 1998) was used as the potential

evapotranspiration. Like many other kettle holes, the modelled kettle

hole also encompasses very dense shoreline vegetation such as reeds

or bulrushes (Figure 1) (Pätzig et al., 2012). Evapotranspiration via

emerging hydrophytes can be more than twice as high as the evapora-

tion via the open water surface (Crundwell, 1986; Xu & Ma, 2011).

This effect depends on many dynamic factors, such as vegetation den-

sity and growth, and can only be considered here by estimating it in

the upper model boundary condition. For this reason, the potential

evapotranspiration was increased by 60%. Table 3 shows the corre-

sponding evapotranspiration parameters for the homogeneous grass

cover both from the ground surface and from the open water surface

within the kettle hole.

A seepage boundary condition was applied to the domain bottom

to ensure that there was deep seepage throughout the bottom of the

model domain. An aquifer underlying the marl is considered to be

unconfined and the marl to be thick enough to exclude feedback. The

lateral boundaries of the cross section were modelled as specified

head boundary conditions. For this purpose, firstly, constant values of

TABLE 1 Model parameterizations
regarding the sediment layers and the
corresponding sediment hydraulic
properties with K as isotropic, hydraulic
conductivity and Swr as residual water

saturation

Variable Layer Name Kisotropic Porosity Swr α ß

m d�1 (�) (�) m�1 (�)

I Top Sand 6.4298 0.3747 0.0530 3.53 3.1798

II Top Loamy sand 1.0512 0.3904 0.0485 3.47 1.7466

III Top Silty sand 0.9181 0.4086 0.0257 4.48 1.4600

IV Bottom Clay 7.80E-05 0.4588 0.0982 1.5 1.2529

V Bottom Clay 3.80E-05 0.4588 0.0982 1.5 1.2529

TABLE 2 Four-letter code and designation of the variants of the numeric experiment

Lateral boundary top condition Vertical position of aquitard Hydraulic conductivity of aquitard Texture of layer

s… static .s.. shallow ..w. weak …S Sand

d… dynamic .d.. deep ..s. slight …L Loamy sand

…U Silty sand

TABLE 3 Evapotranspiration parameters of land and water
surface as required by the HGS model

Parameter
Land surface
(grass)

Water surface (at
kettle hole)

Evaporation depth 1 m 0.1 m

Evaporation depth

function

Quadratic

decay

Constant

Root zone depth 1 m 0 m

Root depth function Quadratic

decay

Constant

Leaf area index 1 0

Transpiration fitting

parameters

C1 0.4 1

C2 0.1 0

C3 1 1

Transpiration limiting

saturations

Wilting point 0.29 0.2

Field capacity 0.56 0.5

Oxic limit 0.75 1

Anoxic limit 0.9 1

Evaporation limiting

saturations

Minimum 0.2 0.5

Maximum 0.4 0.8

Canopy storage 0 m 0 m

Initial interception

storage

0 m 0 m
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91 and 86 m a.s.l. were applied, derived from linear interpolation of

the digital elevation model (DTM) values to the extended boundaries.

Subsequently, these boundary conditions, in combination with con-

stant precipitation and potential evapotranspiration rates (daily aver-

age over the entire period), were used in pre-processing model runs

to generate reasonable initial head conditions within the model

domain. All required computations, launched with an initial head of

87.7 m a.s.l., were carried out until a steady-state condition was

reached. In a second approach, the lateral boundary conditions were

specified as a variable head to study a more dynamic behaviour and

thus to analyse its influence. To facilitate this, two observation wells,

recording the groundwater levels at the outer boundaries of the main

section, were used during the model runs with a constant head

boundary. By adjusting these data to the level of the extended bound-

aries, we were able to generate time series of groundwater levels,

which were then used as lateral boundary conditions for further inves-

tigation. These findings serve in turn as a starting point for the corre-

sponding model applications with a time span from 1 September 1991

to 31 October 2013. At this point, the measured time series of daily

values for precipitation and potential evapotranspiration was applied

to the top boundary of the model domain. The time period from

1 September 1991 to 31 October 2013 constitutes the entire simula-

tion period. The first three years were seen as a “spin-up” period to

adjust the processes until the model reached an “optimal” state (Kim

et al., 2018). Therefore, the actual analysis was conducted from

1 November 1994 onwards.

2.5 | Model calibration and evaluation

The hydraulic properties of the subsurface sediments were adapted

such that, depending on the model variant, the kettle hole water level

just overtoped the banks in wet years, while falling below the kettle

hole bed in dry years. This has been observed in various field surveys

in that region. Furthermore, corresponding to long-term observations

(Lehsten et al., 2011), maximum intra-annual water level fluctuations

from around 1.0 m to more than 2.0 m over a period of several years

(Heagle et al., 2013) were used as an adjustment criteria. These adap-

tation criteria were supported by the monitoring data series compiled

from the extensive monitoring programme that has been performed in

the Quillow catchment since the late 1990s (Merz & Steidl, 2015).

2.6 | Analysing the water origin within the
exchange zone

To investigate the spatial extent of the water exchange between the

kettle hole and the groundwater domain, we assigned an additional

transport boundary condition (mass flux) to nodes covering the kettle

hole bed in the model (Figure 2). In this study, a single, non-decaying,

conservative solute with a free-solution diffusion coefficient of zero

and a specified concentration of 1 mg l�1 was used throughout the

simulation period to track the propagation of the kettle hole's water

to the adjacent shallow aquifer. For other parameters controlling the

transport model, the default settings of HGS were used. For longitudi-

nal dispersion this was 1.0 m and for transverse dispersion 0.1 m. As

the lateral boundary conditions force a gradient from the higher

topography to the kettle hole and from there to the lower topography,

the study only considered the portion of the model domain extending

from the centre of the kettle hole to the lateral boundary on the

downstream side of the kettle hole.

Starting at OW (KH), located at the centre of the kettle hole of

interest, and ending 10 m behind OW1 (Figure 2), a line of 30 observa-

tion wells spaced at 5 m intervals were integrated into the model

domain. Each well recorded the solute concentration at each time step

and at 9 different depths, predefined by the discretization of the

model domain. Only the water from the kettle hole was injected with

a non-reactive and non-decaying solute, meaning that it can be con-

sidered as a tracer. As matrix diffusion effects and thermal energy

advection were excluded, the mass transfer is determined by the flow.

The difference between increasing and decreasing concentrations was

used to assess the origin of the water at each time step. For positive

values of the first derivative of the concentration and with respect to

time, it was thus assumed that the water had originated from the ket-

tle hole. Otherwise, it was assumed that the water originated from

the groundwater domain. The respective water sources were aggre-

gated per day for each of the 270 observation wells. These aggre-

gated values were used to determine the spatial extent of the water

exchange zone, as well as the location and proportion of the kettle

hole water.

3 | RESULTS

3.1 | Kettle hole water level and groundwater
head dynamics

The intra-annual variability of the simulated hydrographs was closely

related to that of precipitation, which varied between 366 and

761 mm y�1 (Figure 3). Similarly, actual evapotranspiration varied

between 130 and 562 mm per y�1 (Figure 4).

Considering all model variations, the water level of the kettle hole

varied between 85.57 and 88.58 m a.s.l. The water level thus fell

0.65 m below the kettle hole bed at 86.22 m a.s.l. and overtopped the

banks at 88.37 m a.s.l. by 0.21 m. The variants with pure sand

deposits reached the highest water levels (mean 88.15 m a.s.l.), fol-

lowed by those with loamy sand (87.28 m a.s.l.) and silty sand

(86.61 m a.s.l.). The minimum and maximum water levels of the vari-

ants with loamy sand were also on average between 0.77 and 1 m

below those of the variants with pure sand, and between 1.44 and

1.58 m below those of the variants with silty sand.

The higher water levels in the variants with pure sand can be

attributed primarily to the low water storage capacity of the sediment.

The comparatively very low evapotranspiration associated with this
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F IGURE 3 Heights of precipitation and of climatic water balance for hydrological years (a) and hydrographs of the kettle hole water level for
the model variants with slightly permeable glacial till (b) and weakly permeable glacial till (c).
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also had less effect on lateral runoff, which averaged 332 mm y�1

(Figure 4). At the same time, however, the lowest water level fluctua-

tions were achieved in the kettle hole (Figure 5).

The maximum water level fluctuations over the entire period ran-

ged from 0.78 m to 0.94 m for the variant with pure sand, from

1.57 m to 2.38 m for the variant with loamy sand, and from 1.38 m to

1.85 m for the variant with silty sand. In the same order, the maximum

intra-annual water level variations ranged from 0.05–0.66 m, 0.13–

0.81 m, and 0.13–1.12 m, respectively (Table 4).

As the water storage capacity increases and the permeability of

the aquifer decreases, the variability of the water level and the degree

of its dynamics increase. This is reflected in the intra-annual water

level variations (Table 4).

3.2 | Effects of hydraulic conductivity and
thickness of glacial till layer on the water exchange
components

In the case of the slightly permeable glacial till, a maximum seepage of

about 100 mm y�1 was observed, while for the weakly permeable gla-

cial till only up to 50 mm y�1 left the model area (Figure 4). As a result,

slightly higher water levels were found in both the kettle hole and

aquifer for 10 of the 12 comparisons (Figure 5). The exceptions were

variants with a static lateral boundary condition and pure sand. Even

though all losses through the model boundaries are higher compared

to the variants with the weakly permeable glacial till, the variants with

the slightly permeable glacial till resulted in higher water levels in the

kettle hole and in the adjacent shallow aquifer. In the case of the shal-

low weakly permeable glacial drift, the duration with reversed ground-

water flow was twice as high (337 vs. 157 days) as in the same

simulation with the slightly permeable glacial drift. The increase in

water availability combined with the high-potential evapotranspiration

at kettle hole resulted in slightly lower water levels in the kettle hole.

The thicker the glacial till, the lower the deep seepage rate.

Depending on the model variant, the average seepage varied between

5 and 20 mm y�1. A similar behaviour occurred at the outlet of the

model domain, where the average seepage varied between 1 and

100 mm y�1. The same effect can be observed in the resulting water

levels. In contrast to the shallower glacial till, the water level of the

kettle hole rose by up to 0.2 m on average in simulations with a dee-

per glacial till.

In these cases, simulated water levels were strongly influenced by

the location and course of the interface between the aquifer and aqui-

tard (Figure 2).

With respect to water level variation, the deviations between the

variants with slightly and weakly permeable glacial till decreased as

the grain size of the top sediment layer was reduced (Table 4).

F IGURE 4 Annual water flow rates through the outer boundaries of the model domain for all 24 model variants (boxes indicate the quartiles;
the whiskers indicate minimum and maximum values).
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3.3 | Effects of the lateral boundary conditions on
the water exchange components

The lateral boundaries played a pivotal role in the in- and outflow of

the model domain. The greatest influence was exerted by the variants

with pure sand (Figure 4), while decreasing permeability resulted in

lower flow through the lateral boundaries of the model area. How-

ever, the inflow was still somewhat greater for the variants with silty

sand as compared to the variants with loamy sand. This can be

explained by the significantly increased evapotranspiration of 48 mm

y�1 on average. This is primarily compensated for by the reduction in

water levels, but still has some effect on inflow.

The change in the lateral boundary condition affected intra-

annual water level fluctuations by only 0.13 m. The variable head

boundary condition almost led to slightly higher average values,

except for the “..sU” and “..wS” variants.

F IGURE 5 Water level fluctuation within the kettle hole (middle) and in the up- and down-gradient fringe (left, right) for all model variants
(box plots) in comparison to the bathymetry of the kettle hole (dashed lines).

TABLE 4 Range of maximum intra-annual water level fluctuation and maximum water level change over the simulation period (1994–2013)
for different sediment texture classes

Maximum water level fluctuation (m)

Pure sand Loamy sand Silty sand

Variant Intra-annual Overall Variant Intra annual Overall Variant Intra annual Overall

sssS 0.14–0.60 0.87 sssL 0.18–0.76 2.38 sssU 0.14–1.11 1.48

sdsS 0.05–0.48 0.78 sdsL 0.15–0.71 1.91 sdsU 0.13–0.82 1.38

dssS 0.18–0.66 0.94 dssL 0.13–0.76 1.98 dssU 0.14–1.12 1.48

ddsS 0.15–0.65 0.89 ddsL 0.14–0.72 1.57 ddsU 0.13–0.86 1.51

sswS 0.16–0.61 0.86 sswL 0.17–0.81 2.01 sswU 0.14–1.09 1.84

sdwS 0.16–0.54 0.81 sdwL 0.16–0.74 1.70 sdwU 0.13–0.84 1.74

dswS 0.16–0.59 0.89 dswL 0.18–0.80 2.08 dswU 0.14–1.09 1.84

ddwS 0.15–0.60 0.86 ddwL 0.20–0.72 1.87 ddwU 0.13–0.88 1.85
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3.4 | Water exchange between the kettle hole and
the shallow groundwater

Differently parameterized model configurations, resulted in divergent

dynamics with a wide range of effects on flow properties. The hydrau-

lic diffusivity, as a quotient of the transmissivity and storage coeffi-

cient of the aquifer, always indicates a significantly higher velocity of

groundwater movement for pure sand than for the other substrates

(Figure 6). With a deeper marl, that is, a thicker aquifer, this velocity

increased clearly for all substrates. Depending of the lateral boundary

condition, the influence of the permeability of the marl was clearly

lower and reversed. Thus, the diffusivity values for the static bound-

ary conditions and weakly permeable marl were mostly below those

with slightly permeable marl. The opposite was true for dynamic

boundary conditions. However, the sole influence of the lateral

boundary conditions, whether static or dynamic, was clearly lowest

for all substrates. As expected, all these differences decreased with

increasing distance from the kettle hole.

The simulation results indicated that the flow direction and veloc-

ity from/to the kettle hole were not stable over time (Table 5).

Depending on meteorological conditions, as well as on the site and

sediment hydraulic conditions, the groundwater flow direction often

reversed in the downstream section.

The frequency with which the flow reversed from the down-

stream aquifer back to the kettle hole increased with a reduction in

the permeability of the top sediment layer. In the variant group with

the silty sand, the reversal in the groundwater flow from the down-

stream aquifer towards the kettle hole ensued on more than 74% of

the days of the simulation period. In contrast, this held true only on at

most 5% of the days for the variant group with the pure sand

(Table 5). Conversely, the flow towards the downstream aquifer hap-

pened on at least 95% of days with pure sand, but never arose in two

of the model variants with the silty sand. The variant group with

loamy sand exhibited intermediate incidences falling between the two

extremes resulted from the pure sand and silty sand model variants.

The duration of flow towards the downstream aquifer remained

below 300 consecutive days for the loamy and silty sand variant

groups, whereas the reversal groundwater flow from the downstream

aquifer into the kettle hole appeared over a period of at least a year.

The maximum duration of the reversal groundwater flow occurred in

response to simulations with the silty sand as the top sediment layer.

The results revealed that several years of reversal groundwater flow,

sometimes even spanning the entire simulation period, that is,

6940 days. Under these circumstances, a faster rise to groundwater

level played an important role, rather than the kettle hole's water

level. A noticeable increase in the number of days with reversal

F IGURE 6 Hydraulic diffusivity at the downstream observation wells OW 3, OW 2 and OW 1 for all 24 model variants. Observation wells are
positioned at distances of 25 m (OW 3), 80 m (OW 2) and 140 m (OW 1) downstream from the observation well in the kettle hole.
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groundwater flow was detected owing to low-hydraulic conductivity.

In contrast, the variant group with the pure sand showed a clear flow-

through characteristic, which could potentially influence the ground-

water domain even at larger distances. Nonetheless, the flow-through

behaviour ceased due to temporary flow reversals (lasting from 3 to

35 days) that appeared during and after precipitation events.

What can be confirmed, in an environment with a slightly sloping

topography, is that there were behavioural patterns that were subject

to seasonal fluctuations and related to the water table. The hydraulic

gradients in the observation wells located at different distances in the

down-gradient direction demonstrate this (Figure 7). When the water

levels were high, the kettle hole represented a flow-through system,

albeit with the reversal flows that occurred only during short storm

events. A direct relationship could be discerned between the duration

of the groundwater flow reversal and the duration of the storm event.

This was supported further by a reduction in the hydraulic conductiv-

ity of the top sediment layer. The groundwater flow reversal often

extended to at least 80 metres in the down-gradient direction. A con-

siderable increase in reversal flows was also seen in variants with a

shallow interface between the top sediment layer and the glacial till.

The only exceptions were sediments with high-hydraulic conductivity.

The aforementioned flow-through behaviour of the variant group with

the pure sand became more obvious, leading to a highly apparent

water exchange in the immediate vicinity of the kettle hole up to a

distance of 25 m. In periods when the kettle hole's water level

declined accompanied by the low-hydraulic conductivity of the top

TABLE 5 Frequency of flow directions sorted by the variant groups with pure sand (“… S”), loamy sand (“… L”) and silty sand (“… U”). Flow
direction from groundwater of the downgradient aquifer to the kettle hole (GW ⇨ KH) and vice versa (KH ⇨ GW)

Variant group

Relative frequency of occurrence of water flow in % Maximum number of consecutive days

GW ⇨ KH KH ⇨ GW GW ⇨ KH KH ⇨ GW

“…S” 1 … 5 95 … 99 3 … 35 342 … 1750

“…L” 42 … 85 15 … 58 396 … 2175 96 … 267

“…U” 74 … 100 0 … 26 2014 … 6940 0 … 232

F IGURE 7 Hydraulic gradients between observation wells OW(KH) and OW 3 (OW 3), OW 3 and OW 2 (OW 2) and OW 2 and OW1
(OW 1) for all 24 model variants. Positive values indicate groundwater flow from the downstream aquifer towards the kettle hole. Observation
wells are positioned at distances of 25 m (OW 3), 80 m (OW 2) and 140 m (OW 1) downstream from the observation well in the kettle hole.
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sediment layer, the groundwater flow reversals prevailed, as demon-

strated by the very steep gradients in Figure 7. Depending on the sed-

iment hydraulic properties and boundary conditions, this influence

extended to a maximum of 140 metres. Moreover, the influence was

greater when there was a shallow interface between the sediment

and the glacial till. Similarly, steeper gradients occurred when the top

sediment was thin. A medium kettle hole water level provoked the

groundwater flow towards the kettle hole and vice versa, depending

on the hydraulic head conditions during the preceding period.

3.5 | Mass transfer and exchange

The spatial distribution and the share of the water originating from

the kettle hole in the groundwater domain were analysed at two dif-

ferent time steps under the selected model variants “ddsS”, “ddsL”
and “dssU” (Figure 8). Examining the flow direction, the variants

“ddsS” and “dssU” represented the two extremes of all variants,

whereas “ddsL” exhibited medium flow conditions. It became obvious

that in the case of the variant with the pure sand, the solute spread

across the entire model domain to a downstream distance of more

than 100 m. However, for variants with loamy and silty sand, the

water exchange zone was restricted to the vicinity of the kettle hole,

that is, 50 m. Compared to the variants with loamy and silty sand, the

long period with flow-through conditions in conjunction with a high-

hydraulic conductivity led to a high dilution effect. On the other hand,

the prolonged period of revers groundwater flow even in the case of

the loamy sand (Table 5) and the high-evapotranspiration rates

(Figure 4) caused a concentrated solute transport towards the surface

and down to a greater depth. In periods with a large deficit in precipi-

tation, relative to the potential evapotranspiration, such as in 2003

(Figure 3), the spatial distribution of the solute concentrated on the

top sediment layer and along the interface of the glacial till. In combi-

nation with a low-groundwater level and a low-water level within the

kettle hole, deep seepage through the glacial till was not observed. In

periods with higher precipitation rates, such as in 2012, the solute

concentration was diluted due to the percolating water (Figure 8, top

right). In the case of “ddsS”, the solute also flowed along the surface

F IGURE 8 Spatial distribution of the kettle hole water in the down-gradient aquifer at two different points in time and for the three selected
model variants ddsS, ddsL and ddsU.
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of the glacial till, albeit at a substantially lower concentration. Relative

to 2003, the higher water levels in 2015 led to greater seepage rates,

allowing the solute to also infiltrate into the glacial till. Moreover, in

the model variants with loamy and silty sand, the seasonal variability

in the flow direction caused the solute to disperse over a larger area

(Figure 8, bottom right).

4 | DISCUSSION

4.1 | Model design

This numerical experiment aimed at exploring the spatio-temporal flux

exchange between a kettle hole in the northeast of Brandenburg,

Germany and its adjacent shallow groundwater system under a range

of plausible model variants capturing various porous media hydraulic

properties and boundary conditions.

In order to limit the set of possible spatial combinations and to

cope with this complexity described for example, by Gerke et al.

(2010) or Kleeberg, Neyen, Schkade, et al. (2016), the decision was

made to use three suitable, sufficiently permeable sediment types,

simplified as a homogeneous, isotropic upper sediment layer over an

equally homogeneous, isotropic marl. At a very similar site, Ehrhardt

et al. (2022) recently demonstrated anisotropic conditions in a haplic

Regosol (calcareous) soil profile. Most of their anisotropy rates were

in the lower range of the assumptions made by Nield et al. (1994). It

can thus be assumed that the horizontal flow component from the

kettle hole towards the groundwater and revers was underestimated

somewhat. However, the seepage boundary condition assumed to

take place at the lower model boundary can also influence these

groundwater flow movements on the marl sediments, which form the

bottom of the layer of the modelling domain. This became more evi-

dent, for example, through the influence of marl permeability on

hydraulic diffusivity (as illustrated Figure 6). In view of the high vari-

ability of hydrogeomorphic site conditions, further considerations

were included (see Section 2.4) to capture a wide range of possible

subsurface conditions without modelling specific features.

However, in comparison to a 3D approach, our quasi-2D model

approach bearing less complexity made it possible to constrain further

uncertainties with respect to the boundary conditions. Nonetheless,

the results of the applied quasi 2D model can still be compared with

those of a 3D model approach, at least for shallow small water bodies

like kettle holes with a circular geometry with which groundwater in

exchange is (Townley & Trefry, 2000). It should be note that the 2D

modelling approach becomes less and less useful as the geometry of

the water body becomes longer and thinner along the groundwater

flow direction, as reported by Nield et al. (1994). Under all of the

model variants, owing to both a lower sediment permeability and con-

sistently high static pressure heads at the model boundaries, the

groundwater lateral flow from the kettle hole towards the aquifer was

impeded. It holds especially true for model variants with pure sand

rather than the model variants with loamy or silty sand. Overall, how-

ever, the simulated water level fluctuations in the kettle hole were

found to be consistent with the findings of Heagle et al. (2013) and

Lehsten et al. (2011). The latter found a maximum intra-annual water

level fluctuation of about one meter. This was exceeded, by up to

11%, only by the four silty sand model variants with the static bound-

ary conditions and shallow aquitard. Similarly, the observed water

level fluctuation of no more than two metres over a period of several

years was exceeded only by three loamy sand variants with static

boundary conditions, albeit in one case by up to 19%.

At such high-water levels, fill-spill mechanism (Hayashi

et al., 2016, Shaw et al., 2012) can occur, which means the water

overtops the kettle hole (i.e., spills) and is then flowed towards down-

stream (Shaw et al., 2013). A process of this kind was probably

recorded in Figure 1. It can be mainly resulted from heavy storm

events that occur in winter on frozen soils or in summer on saturated

soils.

4.2 | Groundwater flow reversal

The simulation results emphasized that precipitation and evapotrans-

piration not only determine the water balance of the kettle hole but

also have a major impact on the degree of mass exchange from the

kettle hole in the direction of the downstream aquifer. This can be

seen in atmospheric fluxes, which is in accordance with the findings

of Ferone and Devito (2004). The topology of the landscape elements

and meteorological conditions strongly control the hydraulic gradient,

which in turn affects the intensity of water exchange between the

kettle hole and the shallow groundwater domain.

Potential evapotranspiration from the vegetation in and around a

kettle hole is much higher than that of the adjacent crop field area

(e.g., Pauliukonis & Schneider, 2001). In consequence, it causes an

impact on kettle hole water levels on the one hand and the hydraulic

gradient between a kettle hole and its adjoining groundwater

(Figure 7) on the other hand. As a result, the groundwater flow from

the direction of the kettle hole stagnates and may also reverse. There

are many studies that have investigated the stagnation and reversal of

groundwater flow; for instance, studies focusing on the groundwater

flow reversal in bogs or peatlands (e.g., Devito, 1997, Ferone &

Devito, 2004, Fraser et al., 2001), investigations placing an emphasis

on wetlands (e.g., Pyzoha et al., 2008; Sun et al., 2006) and studies

concentrating on lakes (e.g., Cheng & Anderson, 1994; Sacks

et al., 1992).

Consistent with observations by Ferone and Devito (2004) at a

lowland pond, however, strong storm events also resulted in short-

term groundwater flow reversals. Because of the low porosity of the

aquifer sediment, the groundwater head rises more rapidly relative to

the kettle hole water level. Simultaneous or subsequent higher evapo-

ration losses within the kettle hole can increase the hydraulic gradient.

In the present study, such groundwater reversal flows occurred only

in the initial phase of rewetting.

We were able to show that the hydraulic properties of the aquifer

sediments have a significant influence on the groundwater flow rever-

sal, driven by the effects described above. Our findings demonstrated
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that groundwater flow reversals occurred more frequently as the

aquifer permeability decreases compared with the relatively high-

permeability of pure sand (see Table 5). Thus, in the variant group

with the silty sand, the reverse groundwater flow from the down-

stream aquifer into the kettle hole continued over the entire simula-

tion period. Similarly, the model variants with the loamy sand

underwent periodic fluctuations. Our findings are not consistent with

investigations by Sacks et al. (1992) and Ferone and Devito (2004),

who demonstrated that only a rise in the groundwater water level

during the wet seasons or periods induced a local reversal in the

groundwater flow. Nonetheless, in some studies (e.g., Fraser

et al., 2001), groundwater flow reversal was necessarily associated

with drought conditions. Although in the current study a dominant

flow-through system was only observed for the variant group with

pure sand, a kettle holes show often a dominant flow-through system

(e.g., Vyse et al., 2020).

Our results demonstrated that depending on the hydraulic prop-

erties of the subsurface sediments, the interaction between a kettle

hole (pond or small lake) and its adjoining shallow groundwater is

highly variable in time and space, instead of the rather static system

that is commonly expected. However, the range of these effects pre-

sented in this study is likely to be somewhat smaller given the natu-

rally occurring heterogeneities in aquifer properties.

The position of a kettle hole in the regional groundwater flow system

should also be taken into account in order to be able to evaluate possible

groundwater flow reversals and their effects. This is a result of several

studies on lakes (Cheng & Anderson, 1994; Ferone & Devito, 2004;

Heagle et al., 2007; Sacks et al., 1992; Smith & Townley, 2002).

Irrespective of this, our study and any other modelling

approaches are necessarily based on simplified assumptions and thus

do not grasp the full range of heterogeneities that are found, in partic-

ular, in postglacial landscapes. However, our results clearly call for par-

ticular attention to be paid to these reverse groundwater flows when

studying water quality in kettle holes as well as their interactions with

their adjacent groundwater system. Reverse groundwater flows can

influence the kettle hole's matter balance and function as a habitat.

Substances recently transported from the kettle hole into the ground-

water domain can return, and materials leached from the soil that

would otherwise enter downstream waters can be transported into

the kettle hole. This affects a large number of kettle holes or potholes,

which have a relatively similar geological and geomorphological gene-

sis in glacially influenced areas of the Earth. It should be noted that

findings of this study can be useful for the Prairie Pothole Region in

North America, where thousands of shallow potholes show geologi-

cally and geomorphologically relatively similar genesis to kettle holes

in North Central Europe. Thus, modelling flow and solute transport

between kettle holes or potholes and their adjoining shallow ground-

water systems using mechanistic hydrological models requires inten-

sive soil and geological explorations, depending on the size and

complexity of the modelling area. This holds true especially for post-

glacial landscapes, where undulating topography and variegated soil

and aquifer sediments create a highly heterogeneous continuum. For

this reason, in the light of the findings of the present study, we specify

different model variants, comprising a wide yet well-founded range of

porous material properties. As a result, a wide variety of model out-

puts, represented as model uncertainty, are presented and can be ana-

lysed for kettle holes when modelling flow/solute using a demanding

but stat-of-the-art hydrological model such as HGS.

5 | CONCLUSIONS

The kettle holes distributed across Pleistocene landscapes are hydro-

logically intricate systems. The hydrological relationships between

them and the adjoining shallow groundwater system are still poorly

documented. Due to the extreme heterogeneity of Pleistocene land-

scapes, especially with respect to soil hydraulic properties, consider-

able uncertainties are expected when modelling such systems.

Therefore, a modelling scheme was proposed in the present study

that is based on a wide range of model variants comprising a reason-

able uncertainty range. The predefined variants were integrated into

HGS, allowing us to investigate the transient flux exchange between a

kettle hole in the northeast of Brandenburg, Germany and its adjacent

shallow groundwater system.

Our results clearly indicated that kettle holes and shallow ground-

water can be much more closely and dynamically linked than previ-

ously thought. The groundwater flow direction in the downstream

part of the groundwater system can exhibit reversals for periods of up

to several years and can extend a distance of more than 140 m down-

stream of the kettle hole. Our findings demonstrate that the reversal

in the groundwater flow occurs particularly in regions where the

uppermost aquifer has low-hydraulic conductivity. The very high

evapotranspiration of the aquatic vegetation encircling kettle holes,

alongside heavy storm events, can repeatedly reverse the flow from

the groundwater domain towards kettle holes, causing solute turnover

within the kettle hole. This is particularly prevalent in dry periods with

medium to low-water levels within the kettle hole and a negative cli-

mate water balance. Based on the results obtained from 24 model

configurations/variants, this study has demonstrated that shallow

groundwater flow reversals are not exclusively a consequence of sea-

sonal effects.

A necessary simplification considered in this modelling approach

was made with the aim of simulating reality using a two-dimensional

model. The reduction in permeability caused by siltation was also not

taken into consideration, although most kettle holes contain bottom

sediments formed by internal accumulation. The influence of those

sediments on surface water–groundwater interactions can be sub-

stantial, especially in the case of low permeability. However, this also

depends on the spatial distribution of the clogging over the bottom

sediments of kettle holes. Furthermore, we assumed that preferential

flow paths, such as macropore flow paths, are negligible for soil water

movement due to the sandy texture of the modelling site. The conse-

quences of these prior assumptions could not be fully examined in this

numerical experiment. Thus, the findings can be generalized only to a

very limited degree. Nonethelessthey certainly helps to set the prob-

lem in a suitable framework.
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Kettle holes should be considered as zones at high risk of

groundwater contamination if they are located near croplands. As a

result, leaching and transporting of fertilizers from croplands

towards kettle holes and their subsequent redistribution to the river

network may lower the water quality of downstream waters. Periods

of groundwater flow reversal in the adjacent downstream aquifer

may intensify the risk of contamination, which certainly needs to be

taken into account. Thus, even from the groundwater protection

aspect alone, the ecological and hydrological functions of countless

kettle holes in the Late Pleistocene landscapes are of great

importance.
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