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Abstract

Purpose Kettle holes are small inland water bodies known to be dominated by terrigenous material; however, the processes
and structures that drive the enrichment and depletion of specific geochemical elements in the water column and kettle hole
sediment remain unclear. We hypothesized that the mobile elements (Ca, Fe, K, P) behave different from each other in their
transport, intermediate soil retention, and final accumulation in the kettle hole sediment.

Methods Topsoils from transects spanning topographic positions from erosional to depositional areas, sediment cores,
shallow groundwater, and kettle hole water of two glacial kettle holes in NE Germany (Rittgarten (RG) and Kraatz (KR))
were collected. The Fe, Ca, K, and total P (TP) concentrations were quantified and additionally the major anions in shallow
groundwater and kettle hole water. The element-specific mobilization, relocation, and, finally, accumulation in the sediment
were investigated by enrichment factors. Furthermore, a piper diagram was used to estimate groundwater flow directions
and pond-internal processes.

Results At KR only, the upper 10 cm of the kettle hole sediment reflected the relative element composition of the eroded
terrestrial soils. The sediment from both kettle holes was enriched in Ca, Fe, K, and P compared to topsoils, indicating
several possible processes including the input of clay and silt sized particles enriched in these elements, fertilizer input, and
pond-internal processes including biogenic calcite and hydroxyapatite precipitation, Fe—P binding (KR), FeS, formation
(RG), and elemental fixation and deposition via floating macrophytes (RG). High Ca concentrations in the kettle hole water
indicated a high input of Ca from shallow groundwater inflow, while Ca precipitation in the kettle hole water led to lower
Ca concentration in groundwater outflow.

Conclusions The considerable element losses in the surrounding soils and the inputs into the kettle holes should be addressed
by comprehensive soil and water protection measures, i.e., avoiding tillage, fertilizing conservatively, and creating buffer
zones.

Keywords Agricultural soils - Soil erosion - Element mobility - Phosphorus - Kettle hole - Sediment

1 Introduction

Over the past decades, the coupling of physical and bio-
geochemical dynamics of small inland water bodies have
received little attention compared with larger and deeper sys-
tems (Branco and Torgersen 2009). While large water bodies
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receive much less terrestrial material in sum compared to
their volume, small water bodies are known to be dominated
by terrigenous material (Biddanda and Cotner 2002). Sedi-
ment cores provide integrating information on the natural
and anthropogenic changes in the catchment; however, few
data exist for small water bodies.

The agricultural landscape of NE Germany is charac-
terized by a high density of kettle holes, which are small
(<1 ha), pond-like depressional wetlands (Kalettka and
Rudat 2006). These small and very shallow water bodies
widely occur in glacial landscapes of the Northern Hemi-
sphere (Tiner 2003; van der Kamp and Hayashi 2009;
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Goldyn et al. 2015). They are hotspots of biodiversity in
agricultural landscapes (e.g., Kalettka et al. 2001); thus, in
Germany, they are protected by law. However, in the agri-
cultural landscape of NE Germany, where many kettle holes
are located, soil erosion by water and tillage operations due
to widespread land clearance and agricultural intensifica-
tion has led to significant soil translocation (Deumlich et al.
2006; Gericke et al. 2019) and increased sedimentation
rates (Kleeberg et al. 2016a). As basins without outlets,
kettle holes can be regarded as ultimate sinks for all matter
(organic matter, nutrients, soil, contaminants) originating
from their catchments. Thus, kettle holes located in agri-
cultural fields receive non-point-source input of agricul-
tural pollutants and eroded soil from their closed watersheds
(Frielinghaus and Vahrson 1998).

The physical process of soil erosion mobilizes base
cations (e.g., Ca, Mg, K, Na), heavy metals (e.g., Fe), and
biogenic elements (C, N, P) downslopes, where they are
deposited as colluvial material (Gaspar et al. 2020). How-
ever, a significant part of eroded soil material is transported
from terrestrial slopes, into the kettle hole water and finally
accumulates as kettle hole sediment. The extent of mobili-
zation, transport, deposition and accumulation are element-
and site-specific (Prasad et al. 2005). While conservative
elements (e.g., K and Mg) hardly interact with structures
(soil, vegetation, groundwater, interflow), redox-sensitive
elements (e.g., Fe) can precipitate as immobile oxides or
sulfides and can be mobilized based on Eh (redox potential)
and/or pH changes, and biogenic elements (e.g., P) repeat-
edly cycle between the biosphere and pedosphere before
final accumulation and burial in the kettle hole sediment (Li
et al. 2012; Farkas et al. 2013; Haygarth et al. 2013). Trans-
port processes of these diverse elements in the catchment
area can be identified by field surveys by relating elemental
enrichments and depletions. However, between mobiliza-
tion and accumulation a large number of processes occur
through different landscape filters, i.e., intermediate deposi-
tion of soil material at mid- or downslopes, various struc-
tures (e.g., vegetation), and abiotic and/or biotic processes
in the water column and sediment. Consequently, it is not
clear which processes and structures drive the enrichment
and depletion of specific elements in the sediment and in the
kettle hole water on a short scale and within short periods of
time. Furthermore, evidence exists for at least temporal con-
nection of the kettle holes to shallow groundwater systems
(Lischeid et al. 2017; Nitzsche et al. 2017a; Kayler et al.
2018; Vyse et al. 2020). Thus, the water quality of kettle
holes might also be strongly affected by the groundwater
system (Lischeid et al. 2018).

Two glacial kettle holes near the villages of Kraatz (KR)
and Rittgarten (RG), NE Germany, were selected as repre-
sentative for a wide range of small inland water bodies based
on their size (Fig. S1) in terms of morphological, vegetation

related, and hydrological features (Premke et al. 2016). More-
over, these kettle holes are intensively studied with regard
to organic matter distribution and retention (Nitzsche et al.
2017b), elemental contents and soil organic and mineral mat-
ter composition (Leue et al. 2019), sedimentation (Kleeberg
et al. 2016a), sediment core stratigraphy (Kleeberg et al.
2016b), primary production (Kazanjian et al. 2018), carbon
and nutrient cycling (Attermeyer et al. 2017; Reverey et al.
2018), and biogeochemical modeling (Onandia et al. 2018).
The role of both land use impacts (Nitzsche et al. 2016) and
hydroperiod on kettle hole biogeochemistry was also studied
(Nitzsche et al. 2017a).

The aim of this study was to characterize the coupling
of geogenic and aquatic processes in the two small catch-
ment areas including small inland water bodies, based on
the investigation of the element-specific mobilization, relo-
cation, and final accumulation in the sediment of the ket-
tle hole. We hypothesize that the elements considered (Ca,
Fe, K, P) that are mobilized in the catchment area behave
differently from each other in their transport, intermediate
retention, and final accumulation in the kettle hole sediment.
Characterizing the specific loss of elements from the catch-
ment to the adjacent water body is crucial for understanding
potential long-term negative consequences for farming and
the trophic state of kettle holes. Furthermore, based on this
process understanding, we can approach a comprehensive
picture of soil redistribution and erosion processes within
the two catchments.

2 Material and methods
2.1 Study site

Both kettle holes, at Kraatz (KR) and Rittgarten (RG) are
located in the Uckermark region, which belongs to the young
and hummocky moraine plain, NE Germany. This land-
scape was formed after the end of the Weichsel glaciation
(~ 10 k years BP), and contains up to 300,000 of these kettle
holes (Kalettka and Rudat 2006).

The morphometric characteristics of the kettle holes of
their catchments are summarized in Table 1. The kettle hole
KR is surrounded by Salix cinerea L. shrubs and populated
by a mixture of submerged, emergent, and floating macro-
phytes (Kazanjian et al. 2018). The KR catchment is char-
acterized by loamy soils with a medium to high exposure
to erosion. Calcaric Regosols (caRG) and Calcic Luvisols
(eLV) prevail on hilltops and along upper slopes. At foot-
slopes around the water body, Colluvic Regosols (coRG)
with colluvial M-horizons thicker than 50 cm are found
(Leue et al. 2019), which develop under groundwater and
stagnant water conditions (Gleysols (GG), Stagnosols).
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Table 1 Morphometric characteristics of the kettle holes at Kraatz
and at Rittgarten and of their catchments

Kraatz Rittgarten
Catchment size (ha) 34 3.1
Elevation in the catchment (m) 88.2to 101.1 74.5t0 77
Volume (m?) 1797 3998
Area (m?) 2689 1459
Maximum depth (m) 2.64 2.34
Mean depth (m) 1.48 1.23

The kettle hole RG is 5 km away from KR and is sur-
rounded by a reed belt comprising of Phragmites australis
(Cav.) Trin. ex Steud. Furthermore, it is fully covered by
non-rooted submerged Ceratophyllum submersum L. and
floating macrophytes Lemna minor L., Spirodela polyrhiza
(L.) Schleid during the summer months (Kazanjian et al.
2018). Sandy soils with low to medium exposure to ero-
sion prevail. Albic and Haplic Regosols dominate on upper
slopes, while Colluvic Gleysols were present around the
water body.

Both catchments are in agricultural use for several cen-
turies. From 1990 on, both fields were cultivated rotation-
ally by winter wheat (Triticum aestivum L.), winter barley
(Hordeum vulgare L.), and rapeseed (Brassica napus L.).
Annual plowing was common until 2005 at a depth up to
30 cm; thereafter, soils were ploughed every third year. Cal-
cium (via liming), K and P (via pig slurry) have been applied
and removed with crops (Table 2). Liming was common
until 2010 for winter wheat. In years with winter wheat and
rapeseed cultivation, a manure slurry from a nearby pig farm
was applied since 1990. The climate is sub humid with an
average annual air temperature of 8.6 °C, and an average
annual precipitation of 499 mm between 1992 and 2013
(AgroScapeLab Quillow, Dedelow).

2.2 Sampling of soils, sediments, kettle hole water,
and shallow groundwater

For general pedological field characterization of the areas
(e.g., soil texture by finger test, redoximorphic features, and

Table2 Yearly Ca, K, and total P (TP) inputs via liming (Ca) and pig
slurry application (K, TP) when averaging 3 years, and removal with
crops based on crop yields in the area

Parameter Input via Removal with crops
fertilization

Ca (kg ha™! year™) 400 8

K (kg ha™! year™) 85 35

TP (kg ha™! year™) 45 30

Fe (kg ha™! year™) In traces In traces
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carbonates contents), 1-m depth soil cores (Piirckhauer bor-
ing), which were spatially widely distributed, were taken
from the two catchments. The distribution and thickness
of characteristic soil horizons was recorded. Based on this
general survey, three four-position transects were sampled
at both sites (Fig. 1). Samples of topsoil material (0—15 cm)
from the two kettle hole catchments were collected in May
2013. Owing to the steeper topographic gradient at KR, the
sample locations can be characterized based on their slope
positions (hilltop, hillslope, foot slope, depression edge).
Owing to the flat topography at RG, no visual hilltops exist
but light undulating flat ridge settings. Therefore, the topog-
raphy was grouped and sampled in flat ridge, footslope, and
depressional edges. At each sampling position, we took
three subsamples of 100 g soil in a 1 m? area and mixed the
samples afterward. Soil samples were air-dried and passed
through a 2 mm sieve prior to further analyses. At sampling
points, soil profiles were classified according to IUSS Work-
ing Group WRB (2015).

Sediment sampling was described elsewhere (Kleeberg
et al. 2016b). Briefly, two undisturbed sediment cores (6-cm
diameter) were taken at the maximum depth in each ket-
tle hole using a UWITEC® (Mondsee, Austria) corer on 19
June 2013. The RG, core was 31 cm long, and the KR, was
51 cm long. These cores were used for the determination
of metal concentrations. The two additional sediment cores
(RG, 29 cm long, KR, 54 cm long) were taken at the same
sites on 10 October 2013 for dating and other analyses.

In October 2013, four groundwater observation wells
were installed at each kettle hole. The groundwater wells
(2-inch pipes made of PE with 1 m filter screen) were
installed down to 2—-3 m depth at maximum (down to 4 m
at one well only at RG) around each kettle hole close to the
shoreline. Shallow groundwater was sampled monthly using
a submersible pump from February 6 to June 11 2014. Due
to falling water tables, observation wells <2.5 m fell dry in
April. In early summer 2014, all groundwater wells fell dry.

Kettle hole surface water was sampled bi-weekly between
July 4, 2013, and July 22, 2014. Kettle hole water and shal-
low groundwater samples were filtered (0.45 pm) and cooled
at 4 °C before further analysis.

2.3 Chemical analyses

The content of soil organic carbon (SOC) and total inor-
ganic C (TIC) of soil samples were analyzed in ground soil
samples using a RC612 multiphase C/N analyzer (LECO
Corporation, Michigan, USA) according to ISO 10694
(1995). The TOC of sediment cores RG, and KR, was esti-
mated as organic matter (OM) X 0.5 (Brenner and Binford
1988) after the proportion of OM was determined as loss
on ignition (LOI) at 450 °C for 3 h. The concentrations of
Al, Fe, Mg, Ca, K, Na, and total P (TP) were determined
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Fig. 1 Elevation models of the kettle hole catchments Kraatz (KR) and Rittgarten (RG) with sampling locations of soils, sediments, and shallow

groundwater

by inductively coupled plasma optical emission spectrom-
etry (ICP-OES, ICP-iCAP 6300 DUO Thermo Scientific,
Bremen) after wet digestion of dry, weighed samples in
aqua regia (HCI:HNOj; 3:1) in a microwave (1600 W,
160 °C, 20 min).

Metal determination of sediment is described elsewhere
(Kleeberg et al. 2016b). Briefly, metal concentrations at 500-
pm resolution were determined along the core by micro-X-
ray fluorescence (0 XRF) using an ITRAX core scanner (Cox
Analytical Instruments, Molndal, Sweden). The other core
half was sliced into 1-cm intervals that were analyzed by
conventional methods to convert the semi-quantitative pXRF
data (counts) into concentrations [mg g_l dry weight (dw)]
by correlation (Neyen 2014). Concentrations of Fe, Ca, and
K were determined following the protocol used for topsoil
samples. Sediment TP was determined as soluble reactive P
(SRP) after wet acid (1 N HCI) digestion of the ash from the
OM determination according to Andersen (1976).

The water samples were analyzed for TP (only kettle hole
water), SRP (only kettle hole water), phosphate (PO,), total
N (TN), ammonium (NH,), nitrate (NO;), dissolved organic
C (DOC), chloride (Cl), sulfate (SO,), and chlorophyll a
(Chl a) (only kettle hole water), HCO; (only groundwater),
and Ca, Fe, K, Mg, Mn, and Na, using limnological standard
methods (Kleeberg et al. 2010; Lischeid and Kalettka 2012).
Missing HCO; concentrations in some shallow groundwa-
ter wells during certain sampling times (n=12) and HCO;

concentrations in the kettle hole water were estimated based
on ion balance calculations.

2.4 Calculation of the enrichment factor
and the elemental retention

In order to understand the accumulation of metals in the
sediment relative to the soil, we calculated the element(X)-
specific enrichment factor EFy, which is defined as the con-
centration of the element in the eroded matter divided by
the concentration in the source matter (Menzel 1980). Fur-
thermore, to quantitatively estimate the theoretical elemen-
tal input, Fe, Ca, K, and TP retention (in g m~2 a_l) was
calculated by multiplying the respective concentration (in
mg g~!') with the sedimentation rate (in g dw m~2 a~!, from
Kleeberg et al. 2016a).

2.5 Estimation of erosion and deposition

Kettle hole catchments within agricultural landscapes of NE
Germany have been influenced by soil erosion and deposi-
tion processes over the past decades. To get a comprehensive
picture of soil distributions and erosion processes within the
KR catchment, 28 soil driving cores up to 1.5 m in length
were taken. Soil profiles were classified based on the World
Reference Base for Soil Resources (WRB) standard (FAO
2014). Horizon thickness and names were collected for each
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core. Depth profiles of Ca contents were analyzed by port-
able x-ray fluorescence (pXRF) spectroscopy (Leue et al.
2019). The site selection of core sampling points reflected
the diversity of different topographical features such as
slope, curvature, topographic wetness index (TWI), and the
topographic position index (TPI, Deumlich et al. 2010).

An Albic Luvisol (initial little erosive disturbed soil pro-
file) has been taken as reference with a C-horizon (=CaCOj;
rich glacial till) depth of 123 cm. The difference to the ini-
tial 123 cm was assumed to be the depth of profile shorten-
ing (at erosive sites) and lengthening (at deposition sites).
At strongly eroded sites (e.g., hilltops) the glacial till was
already incorporated into the Ap (plow) horizon. The higher
the concentration of Ca, the stronger the erosion at this site
and the more often the farmer already tilled into the CaCO;
rich till. The “grade of dilution” of Ca into the Ap horizon
was then used to estimate the proportion of glacial till in Ap
horizon. The estimated depths of C horizon at these points
were in some cases negative (erosion rate > 123 cm). In the
depression, the C-horizon was not reached by driving cores
but a fossil Ah horizon (fAh). The depth to the fAh indicate
the amount of deposition. By this method, depths values of
erosion and accumulation were measured or calculated for
all 28 coring positions.

The spatial distribution of C horizon depths (1 x 1 m?
grid cells) was than calculated by the CUBIST model, using
all available topographic features/indexes into account, i.e.,
curvature, slope, TWI, and TPI.

2.6 Statistical analyses

The Shapiro—Wilk test was used to test for normally distrib-
uted data and the Levene’s test to test for homoscedasticity.
To test whether the relative Fe, Ca, K composition of the
soils, sediment, kettle hole water, and shallow groundwater
were similar, a principal component analysis (PCA), using
the molar Fe:Ca, Fe:K, and Ca:K ratio, was performed.

3 Results
3.1 Elemental composition of soils

At KR, the SOC concentration in topsoils increased from
6.1 to 15.7 mg g~! from hilltop toward the kettle hole
(Table S1). The Fe concentration (12.3 to 23.6 mg g_l) and
K concentration (6.2 to 2.4 mg g~') decreased from the hill-
tops toward the kettle hole shoreline (Fig. 2). The concentra-
tion of Ca decreased from 41.4 at hilltops to 2.8 mg g~! at
kettle hole edges. TP showed no trends (0.4 to 0.5 mg g™ 1)
along the slope/catena. Owing to the large variation in Fe
and Ca across the transects, the molar Fe:Ca ratio increased
from 0.3 to 3.2 toward the kettle hole.
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At RG, similar to KR, the SOC concentration increased
from 8.0 to 12.3 mg g~! toward the kettle hole vegetation
belt. The concentration of Fe, Ca, and K of soils at RG were
lower compared to those at KR and remained rather con-
stant across the transects. Fe ranged from 7.9 to 15.6 mg g~!,
Ca from 1.9 to 3.0 mg g~*, and K from 1.7 to 3.8 mg g~..
Total phosphorus was in a similar range (0.4 to 0.5 mg g~ 1)
compared to KR. In contrast to KR, the molar Fe:Ca ratio
remained rather constant throughout the transects and ranged
from 3.5 to 4.7.

3.2 Elemental composition of the kettle hole
sediment

At KR, the SOC content decreased down-core from 109.4 to
31.7 mg ¢! (Fig. S2), indicating the significant OC enrich-
ment in sediment by a factor of 2 to 7 compared to upslope
position. Fe remained relatively constant and ranged from
29.8 t0 37.6 mg g~!, Ca from 9.8 to 4.2 mg g, and K from
7.6 to 5.4 mg g~!. Total P strongly decreased down-core
from 4.7 to 1.4 mg g~'. The molar Fe:Ca ratio remained
rather constant throughout the sediment core (2.6 to 3.7)
except for maxima near the surface.

At RG, SOC content decreased downwards from 329.1 to
89.2 mg g~!. Thus, the sedimentary SOC was 7 to 27 times
higher than that of surrounded topsoils. Fe showed no trend
along the core transects ranging from 24.3 to 38.0 mg g~ .
Ca slightly increased downwards from 5.8 to 7.1 mg g~!
except for values at around 1.6 cm depth. Similar to Ca, K
showed a slight downward increase from 2.2 to 3.8 mg g~'.
In contrast to KR, TP remained rather constant ranging from
0.75 to 1.02 mg g~'. Similar to KR, the molar Fe:Ca ratio
was constant between 1.8 to 10 cm depth ranging from 3.4
to 2.7, but decreased promptly from 4.4 at the surface to 1.8
at around 1.7 cm depth.

3.3 Elemental concentrations of the shallow
groundwater

Shallow groundwater was not always available from all
sampling locations during all sampling times (Fig. S3). At
KR, the Ca, Mg, and HCOj; concentrations were on average
approximately two times lower than RG, but that of K was
on average two times higher than RG (Table 3). Phosphate
concentrations are comparable for both sites and SO, is 1.5
times higher at RG.

At KR, Ca and HCO; concentrations dominate in the
shallow groundwater. Therefore, the groundwater can be
classified as Ca-HCO; water. Regarding the cations, shal-
low groundwater monitoring sites KR-GW-1 and KR-GW-2
have higher Ca, K and Mg concentrations than KR-GW-3
and KR-GW-4 (Fig. S3). This differentiation also applies to
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Fig.2 Content of elements

Fe, Ca, K, total P (TP), the
molar Fe:Ca ratio of topsoils
(0-15 cm) versus the distance
of the sampling position relative
to the kettle hole shoreline (m)
at Kraatz (KR, left panels) and
Rittgarten (RG, right panels)
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Table3 Mean concentration (+standard deviation) and span (in
brackets) of shallow groundwater chemistry at Rittgarten between
February and May 2014 (n=12 occasions) and at Kraatz between
February and June 2014 (n =14 occasions)

Table4 Mean concentration (+standard deviation) and span (in
brackets) of water chemistry and molar ratio of Fe:Ca and Fe:P of
kettle holes at Rittgarten and Kraatz between July 2013 and July 2014
(n=22 occasions)

Parameter Kraatz Rittgarten Parameter Kraatz Rittgarten
Ca (mgL™) 72.9+43.9 146.7+24.3 Ca (mgL™) 32.9+8.5 77.3+10.9
(31.0-165.8) (120.2-190.0) (21.4-57.6) (63.0-99.8)
K (mg L) 16.7+12.9 7.9+5.0 Fe (mg L") 1.6+12 0.2+0.1
(0.8-39.9) (2.3-18.4) 0.2-4.3) (0.03-0.5)
Mg (mg L™ 5.5+2.7 125+1.7 K (mg L") 10.5+2.8 10.8+2.5
(2.8-10.4) (10.2-15.6) (6.2-16.0) (4.1-14.0)
Na (mg L") 9.1+4.3 153+1.2 Mg (mg L™ 43+0.6 9.5+0.7
(3.2-15.7) (13.9-17.8) (2.6-5.3) (8.2-10.5)
Bicarbonate (mg L") 222+108 460+ 104 Na (mg L") 42422 11.3+1.3
(92-427) (354-641) (2.2-10.8) (9.4-13.7)
Chloride (mg LY 16.0+9.2 26.9+2.0 Bicarbonate (mg LY 116 +29 262+23
(10.0-37.5) (23.7-29.9) (61-183) (244-305)
Nitrate (mg L") 10.6+19.3 1.4+1.3 Chloride (mg L") 11.8+2.0 23.0+1.7
(0.4-54.9) (0.1-4.3) (9.5-16.1) (19.1-26.5)
Ammonia (mg L) 0.09+0.09 0.25+0.17 Nitrate (mg L") 0.12+0.11 0.10+0.06
(0.00-0.21) (0.12-0.57) (0.03-0.46) (0.00-0.27)
Phosphate (mg L) 0.09+0.06 0.11+0.10 Ammonia (mg L™ 0.16+0.28 0.23+0.33
(0.04-0.21) (0.01-0.26) (0.00-1.28) (0.00-1.33)
Sulphate (mg L") 27.5+20.1 40.6 +26.1 Total P (mg L") 0.15+0.10 0.26 +0.31
(10.6-69.2) (11.8-83.9) (0.04-0.37) (0.03-1.10)
Phosphate (mg L) 0.03+0.02 0.16+0.22
(0.00-0.07) (0.00-0.66)
the HCO; concentrations. Higher SO, concentrations can Sulphate (mg L™ 9.4+08 18.7+4.1
Ol'lly be detected in well KR-GW-1. (8.7-12.1) (11.2-25.5)
At RG, the shallow groundwater can also be classified Chlorophyll a (ug L) 544 25426
as Ca-HCO; water. The differences in cations at the shal- 2-17) (3-81)
low groundwater monitoring wells are relatively small and Fe:Ca molar 0.036+0.026 0.002+0.001
mainly determined by a variation of Ca concentrations. A (0.007-0.088) (0.000-0.005)
clear differentiation is rather seen in the anions. In general, Fe:P molar 6.0+2.4 0.7+0.6
HCO; contents dominate, but with a higher variation of SO,,. (2.0-13.3) (0.1-2.3)

RG-GW-2 and RG-GW-3 are characterized by lower HCO,
concentrations and relatively high SO, concentration, while
the opposite applies to RG-GW-1 and RG-GW-4.

3.4 Elemental concentrations of the kettle hole
water

At KR, Fe concentration was on average 9 times higher than
that of RG (Table 4, Fig. S4). KR had an on average 2.3
times lower Ca and Mg, and 1.7 times lower TP concentra-
tion than RG. The K concentration was equal at both sites.
At KR, due to its high Fe concentrations, mean molar Fe:Ca
and Fe:P ratios were 18 and 8.6 times higher than at RG.
Furthermore, RG had on average 5.3 times higher SRP, 2.3
times higher HCO; and two times higher SO, concentration
as KR, but their NO; concentration was similar. KR had five
times lower Chl a concentration than RG.

@ Springer

3.5 Comparison of soil, aquatic sediment,
shallow groundwater, and kettle hole water
composition

At KR, the PCA, using molar ratio Fe:Ca, Fe:K and
Ca:K, revealed that relative Fe, Ca, K compositions of
the edge and footslope position resembled that Fe, Ca, K
composition of the sediment core (0—2 cm and 5-10 cm)
(Fig. S5). Thus, colluvial soils and kettle hole sediments
were enriched in Fe relative to Ca and K (Fig. 3). However,
the sediment was enriched with Fe by factor 2 (EFg,=2),
if compared to the footslope and edge positions, but only
by an EF of 1.5 compared to the hilltop and hillslope posi-
tions (Fig. 4). Calcium was enriched (EF,=2), if com-
pared to the footslope position, but was depleted compared
to the other slope positions (EF,=0.2-1). The EFg was
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Fig. 3 Radar charts showing
the distribution of iron (Fe),
calcium (Ca), potassium (K),
and total phosphorous (TP) in
soils (in mg g™1), kettle hole
water (in mg LY, and sedi-
ments (in mg g~') from Kraatz
and Rittgarten. Note that the
TP concentration in kettle hole
water has been multiplied by
the factor of 10 to visualize site-
specific differences
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Fig.4 Element(X)-specific
enrichment factor (EF,) of the
sediment core at the Kraatz (left
panels) and Rittgarten kettle
hole (right panels). TP total P
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similar to EFy, (EFy =2) for the footslope and edge posi-
tions, but significantly higher for the hilltop and hillslope
positions (1-1.5). The EFqp decreased from 4.7 to 1.4
downward with little variation across all slope positions
(hilltop, hillslope, foot slope, edge).

At RG, the relative Fe, Ca, K composition of the soil sam-
ples differed from that of the sediment core. Owing to the
low variability of the Fe, Ca, and K concentrations of soils
(Fig. 2), EF between the different sampling sites were simi-
lar. In contrast to KR, EFg, was slighter higher (2-3), EFg
was similar (0.8-2), and EF, was higher (2.8—4.3, except
for some higher/lower values) throughout the RG sediment
core (P <0.001). In contrast to KR, the EFp remained con-
stant around 2.

The relative Fe, Ca, K composition of the kettle hole
water and shallow groundwater differed strongly from that
of soils and sediments, i.e., the mean annual Fe, Ca, K
composition of shallow groundwater (Table 3) and kettle
hole water (Table 4) was dominated by Ca followed by K.
Due to the dominating geochemical conditions the con-
centration of Fe2* is relatively low. Furthermore, the ratio
of median kettle hole water Ca concentration over median
groundwater concentration was 0.5 and the ratio of median
HCO; concentration was 0.6 for both KR and RG. The ratio
of median kettle hole water K concentration over median
groundwater concentration was 0.8 for KR and 1.3 for RG,
and the ratio of median Mg concentration was 1.0 for KR
and 0.8 for RG.

A Piper diagram was used to reveal certain properties
of the total ion relationships between shallow groundwater
wells and kettle hole water (Fig. 5). All four KR-GW wells
differ due to their ionic composition. Regarding the cations,
two groups can be distinguished by higher meq L™'% of Ca
(KR-GW-1 and KR-GW-4). On the other side, groundwater
observation wells KR-GW-2 and KR-GW-3 are character-
ized by clear difference of % meq L™' HCO; relative to the
SO,. The kettle hole water lies between the end members of
the groundwater clusters, only with slightly shift to higher
% meq L™! of Cl compared to groundwater.

At RG, the main differences occur between the equivalent
percentages of the shallow groundwater wells. Two clus-
ters can be distinguished. Observation wells RG-GW-2 and
RG-GW-3 are characterized by lower HCO;% meq L™! rela-
tive to the SO,. Wells RG-GW 1 and RG-GW-4, on the other
hand, are characterized by higher % meq L™' of HCO;".
Differentiation of cations only play a minor role. Basically,
the kettle hole water lies exactly between the end members
of the two shallow groundwater clusters with slightly shift to
higher % meq L™ of K and Cl compared to shallow ground-
water. Regarding the cations there is a decrease of % meq
L~! Ca relative to K from shallow groundwater to kettle
hole water.

3.6 Distribution of erosional and depositional
areas and estimation of the eroded material
at the Kraatz kettle hole

The trained CUBIST model provided the formula C-horizon
depths =13+ 15.3 X TWI—86 X TPI-25. The bi-plot of the
CUBIST simulated vs. measured/calculated C-horizon depths
resulted in an R? of 0.88 (Fig. S6) including an estimated
error of 40 cm. The spatial distribution of erosion (negative
values) and deposition sites (positive amounts) are shown in
Fig. 6. Summing all cells, a total volume of 10,484 m> was
eroded upslopes and 8428 m> was deposited downslopes,
respectively. This yields a total “missing” volume of 2,056
m? of material, which is likely transported from the terrestrial
sites into the kettle hole. This accounts for on average 104 cm
of kettle hole sediment over the last 100 years (Kleeberg et al.
2016b). This corresponds to the results of a regionally neigh-
boring study (Wilken et al. 2020) in which was calculated
that only a small part of the eroded material is deposited in
the kettle hole by very few rainfall events and a significantly
larger part remains downslopes, in the kettle hole surround-
ing flat.

4 Discussion
4.1 Processes in the catchment

Intensive agricultural practices in undulating areas of young
moraine landscapes cause erosion by water and tillage and
resulting in the redistribution of large amounts of soil mate-
rial (Sommer et al. 2008; Deumlich et al. 2010; Calitri et al.
2019). After some decades, this process increases the local
soil heterogeneity and leads to the development of new soil
types that differ in elemental composition (Ellerbrock et al.
2016). In the two shown experimental sites, erosion and
deposition processes were ubiquitous, especially at the KR
catchment (Fig. 6).

The decrease in Ca, Fe, and K concentrations of soils
across the topographic positions at KR (Fig. 2) is in agree-
ment with previously determined elemental concentrations
at KR (Leue et al. 2019). Frequent and strong erosion at
hilltops and partly at hillslopes has initially exposed the
carbon rich A-horizon material, followed by the clay-rich
Bt-horizon and, recently, the carbonate-rich glacial till.
Today hilltops are characterized by A-C profiles and Cal-
caric Regosols (caRG) with high CaCO; contents through-
out the profile (Leue et al. 2019). Erosion of CaCO;-Carich
material at Calcaric Regosols (caRG) and its downslope
transport and deposition at lower topographic positions
are mirrored in Ca enrichment of surface soil material
at foot slopes and edge positions. This is supported by
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Fig.5 Piper diagrams of
anions and cations in individual
shallow groundwater (GW)
wells at Kraatz (top) between
February and June 2014 (n=14
occasions) and at Rittgarten
(bottom) between February and
May 2014 (n=12 occasions),
and in kettle hole water at
Rittgarten and Kraatz between
July 2013 and July 2014 (n=22
occasions). At both kettle holes,
groundwater wells 1 and 4 are
located in the inflow and wells 2
and 3 are located in the outflow
area
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Fig.6 Distributions of erosional y
and depositional areas and .4
estimated eroded or deposited e
material (in cm) at the Kraatz -
kettle hole
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the significant correlation between Ca and TIC content
(r=0.99, P<0.01). Furthermore, erosion on hillslopes has
exposed Bt-horizons, which are rich in clay and therefore
also in Fe and K. This profile shortening caused the forma-
tion of Calcic Luvisols (eLV) at hillslopes.

At RG, the similar Ca, Fe, and K concentrations across
the soil transects (Fig. 2) agree well with the rather uniform
soil types mostly comprising of Haplic Luvisol and Colluvic
Gleysol (coGG) (Table S1). Thus, it is reasonable to assume
that the development of the glacial soil continuum takes
more time at RG owing to the relatively flat topography.

Furthermore, two main reasons exist for the rather
constant TP content across the soil transects at both sites
(Fig. 2). The annual P input by pig slurry exceeded by
approximately 50% the balance of P fertilization and crop
uptake. Moreover, the P-binding capacity of the soil (OM,
Fe, Al, Ca) was insufficient to capture mobile P not taken
up by plants. Thus, excess P is being directly and frequently
discharged into the kettle holes.

The chemical weathering of the CaCOj-rich glacial till
likely caused the high Ca concentrations in shallow ground-
water at both sites (Table 3). While glacial till was present
at hilltops at KR, no glacial till was found by soil augering
up to 1 m depth at RG. Owing to the uniformity of the basic
geochemistry of both catchments in the overall glacial Quil-
low catchments, the occurrence of the glacial till in deeper

Soil erosion / deposition

<-100 cm
-100 - -60 cm
-60 - -20 cm
-20-20cm
20 - 60 cm
60 - 100 cm
> 100 cm

kettle hole

ARELCLEN

soil layers could be suspected. Furthermore, liming and fer-
tilization likely contributed to the Ca, K, and phosphate con-
centration in shallow groundwater to some extent; however,
their contributions to the shallow groundwater are difficult to
quantify. The higher concentrations of K and Mg at ground-
water measuring points KR-GW-1 and KR-GW-2 could be
an indication of the influence of liming in the catchment.
These monitoring wells are located in the slope foot zone,
where accumulation in the shallow groundwater is likely
as a result of K and Mg losses from the soil due to liming
(Jaskulska et al. 2014).

4.2 External and internal filter that affect the kettle
hole water and sediment biogeochemistry

The elemental composition of the kettle hole water is deter-
mined by the elemental composition and amount of inflow,
uptake via vegetation (macrophytes) and primary producers,
as well as by biogeochemical processes in the water column
and in the sediment. Recent studies found strong evidence for
at least temporal connection of the kettle holes in the Quillow
catchment to a shallow groundwater system (Lischeid et al.
2017; Kayler et al. 2018) including the two kettle holes in this
study (Nitzsche et al. 2017a; Vyse et al. 2020).

The high Ca, Mg, and HCO; concentrations in the kettle
hole water is due to shallow groundwater input. Comparing
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the ionic composition of the two shallow groundwater clus-
ters and the kettle hole water (Fig. 5), the flow direction of
groundwater was assessed. At RG, a flow through from SE
(observation wells RG-GW-1 and RG-GW-4) to NW (obser-
vation wells RG-GW-2 and RG-GW-3) direction is expected.
Inorganic or biogenic calcite precipitation is a common pro-
cess in Ca-rich lake ecosystems especially following phy-
toplankton blooms (Heine et al. 2017) and was previously
suggested for the KR and RG kettle holes (Kleeberg et al.
2016a). Thus, the lower Ca and HCO; concentrations at
wells RG-GW-2 and RG-GW-3 can be interpreted as a direct
influence of the kettle hole water. Furthermore, the relative
shift from Ca to K from shallow groundwater to kettle hole
water could be due to the microbial decomposition of OM
in surface waters (Klink 2005). Oxic kettle hole water low-
ers the potential of SO, reduction in the groundwater wells
RG-GW-2 and RG-GW-3 located in the expected ground-
water downstream area. At KR and although the Ca and
HCO; concentrations of KR-GW-1 and KR-GW-2 are higher
compared to KR-GW-3 and KR-GW-4, the ionic composi-
tion of KR-GW-1 and KR-GW-4 shows higher comparability
(Fig. 5). Therefore, a flow direction of groundwater from NE
(observation wells 1 and 4) in direction SW (KR-GW 2 and
3) is plausible. These observations coincide with measure-
ments of the hydraulic gradients at the shallow groundwater
monitoring sites during 2014 and measurement of stable
isotopes of oxygen (8'%0) and hydrogen (8D) in 2015 and
2016 (Vyse et al. 2020). Thus, the kettle hole water quality
is closely related to that of the shallow groundwater body,
while the groundwater quality of the groundwater outflow is
directly impacted by kettle hole internal processes.

Furthermore, Fe, Ca, K and P are key nutrients for macro-
phytes, and biological uptake could lead to lower elemental
concentrations in the kettle hole water compared to the shal-
low groundwater. Some Lemna spp. were found to remove N,
P, K, Mg, and Ca from wastewater (Patel and Kanungo 2010;
Showqi et al. 2017). If we apply elemental concentrations pre-
viously determined in Lemna dry weight (Balasubramanian
and Kasturi Bai 1992), the area of floating duckweed (Lemna
minor, Spirodela polyrhiza) of the water surface in June, and
the biomass of duckweed (Kazanjian et al. 2018), then the
amount of Ca, K, and P present in duckweed was about 40
times higher in RG than in KR (Table S2). While these are
only rough estimates that could change based on the elemen-
tal concentrations of the duckweed, these numbers can help
to understand differences in the elemental enrichment across
different sites. Thus, Lemna (and other macrophytes) likely
accumulated Ca, K, and P (and Fe) from the kettle hole water,
functioning as an intermediate storage phase.

Furthermore, anoxic conditions usually prevail from
May to August (Kazanjian et al. 2018), which might lead in
RG to the formation of insoluble FeS, Consequently, Fe’*
could become depleted in the water column, which is well in
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agreement with the lower Fe concentration in RG compared to
KR. During oxic conditions, ferrous iron (Fe?*) is oxidized to
ferric iron (Fe**) and immediately precipitate as Fe hydroxide.
These Fe-bearing minerals such as FeOOH/Fe(OH) can bind
P and therefore control the TP concentration in the water col-
umn (Kleeberg et al. 2016a). The higher molar Fe:P ratio in
the water of KR (6.0, span: 2.0—13.3) than that of RG (0.7,
span: 0.1-2.3) agrees well with the molar Fe:P ratio in the
entrapped sediment material (Kleeberg et al. 2016a). Thus,
the Fe:P ratio in kettle hole water supports the general conclu-
sion made by Kleeberg et al. (2016a) that a higher Fe:P ratio
indicates redox-dependent Fe—P binding at KR, while low
Fe?* concentration due to FeS, precipitation at RG hamper the
Fe—P binding. As the water column and sediment are in close
contact, these internal processes in the water column are prone
to directly affect the element composition of the sediment.

The present study only focused on the top 10 cm of a
Cs'*"/Pb*!? dated sediment (Kleeberg et al. 2016b) that rep-
resents material recently deposited, i.e. at KR between 1993
to 2013, and at RG between 1965 to 2013. The PCA revealed
that the top 10 cm sediment of the KR kettle hole tended to
reflect the Fe, Ca, K composition of the soil from the foot-
slope and edge positions (Fig. S5), and thus element-specific
input via erosion (see below). As the top 10 cm sediment of
the RG kettle hole was not in good agreement with the sur-
rounding soils, external filters in the catchment or internal
filters in the kettle hole water must exist which explain this
imbalance. These filters could also explain the elemental
enrichment compared to the near kettle hole agricultural
soils (Fig. 4).

Firstly, macrophytes could contribute to the elemental
enrichment. Following die off, macrophytes are prone to sed-
imentation. Owing to the high abundance at RG, sedimenta-
tion of duckweed may partly explain the higher elemental EF
at RG compared to KR. Secondly, Ca could become enriched
via calcite formation. Furthermore, co-precipitation of bio-
genic hydroxyapatite (Cas(PO,);-OH) (Boyd 2015) could
lead to the enrichment of P in the sediment as previously
suggested (Kleeberg et al. 2016b). Thirdly, the formation of
insoluble FeS, could contribute to the Fe enrichment in the
sediment as previously suspected for RG (Kleeberg et al.
20164, b). On the other hand, Fe-bearing minerals such as
FeOOH formed during oxic phases at KR could bind with
P and lead to the enrichment of Fe and TP at KR (Kleeberg
et al. 2016b).

Furthermore, the deposition of soil particles and application
of fertilizers could lead to the enrichment in sediments. Previ-
ous studies found the enrichment of elements with decreas-
ing particle size. For example, iron was enriched in clay-sized
particles (< 2 um) that contain as Fe (hydr)oxides (Asano and
Wagai 2014) and P was enriched in clay-sized particles of
subtropical red soils (Li et al. 2016). Nutrients (Mg, Ca, TP,
K) were also associated with the very fine sediment fraction
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(<16 pum) in sediments from retention ponds (Verstraeten
and Poesen 2002). Nitzsche et al. (2017b) found the sediment
horizon from 2 to 7 cm at KR was dominated by clay and silt
sized particles. Thus, it is reasonable to assume the deposi-
tion of these fine particles contributed to the enrichment of
Fe, Ca, K, and TP in the kettle hole sediment. Furthermore,
K and TP could have originated from the pig slurry that was
applied since approximately 1990, and Ca from liming until
2010. When subtracting the annual mass of elements removed
by crops per hectare (in ha™! year™!) from the slurry mass
applied and scaling to the catchment area, then an excess of
approximately 50 kg TP, 160 kg K, and 1300 kg Ca per year is
potentially transported into both kettle holes via surface runoff
and subsurface flow. Thus, the application of these fertilizers
could have contributed to the enrichment of Ca, K, and TP in
the surface sediment.

4.3 Long-term consequences for kettle holes

Loss of elements from soils to kettle holes has negative conse-
quences for both farming (high heterogeneity of soil nutrient
conditions at arable fields) and the trophic state of kettle holes.
Water and tillage erosion increase the spatial soil heteroge-
neity including elemental composition and soil texture with
strong local effects on soil productivity (Figs. 2 and 6). As a
consequence, farmers have increasing difficulties to adjust the
crop-specific nutrient demand via fertilization that may lead
to over-fertilization for the whole field. The annual P input
exceeded P removal leading to excess P that is discharged into
the kettle hole and may lead to their eutrophication (Kleeberg
et al. 2016b; Kazanjian et al. 2018). Studies of P erosion have
suggested reducing P inputs to maintain a clean water status
(Schippers et al. 2006; Alewell et al. 2020). Schippers et al.
(2006) found exactly the same P surplus as we did (Table 2)
and consider a reduction from 15 to 0.7 kg ha™! year™" as a pre-
requisite for a permanent clean water status. Overall, the kettle
hole in the Quillow region belong to aquatic systems which are
enriched in P (eutrophication) mostly due to intensive agricul-
tural production in their catchment area (Lischeid and Kalettka
2012). The concentration of TP (KR: 0.041-0.373 mg L
RG: 0.033-1.095 mg L', Table 4) is within the range of TP
for kettle holes in Brandenburg, Germany (0.01-3 mg L™,
Fig. S7). These concentrations also fall within the range of
eutrophic (0.016-0.386 mg L™!) and hypereutrophic lakes
(0.75-1.2 mg L") (Wetzel 2001).

We expect that other kettle holes in intensively managed
agricultural landscapes of NE Germany and globally are simi-
larly negatively impacted by soil elemental inputs from the
surrounding catchment. Thus, we strongly advise land man-
agement practices (tillage and fertilization) to be carefully
adjusted to the crop-specific demand in order to reduce soil
and nutrient input into kettle holes.

5 Conclusions

The biogeochemistry of small-volume aquatic systems is
strongly, i.e., directly and indirectly, influenced by their ter-
restrial catchments. In an area with short and steep slopes (KR)
large amounts of soil material can be redistributed from hill-
tops to footslopes, kettle hole edges, and especially into the
water body. The dominance of material input through erosion
is a combination of geomorphological conditions, water ero-
sion, and agricultural cultivation. Soil erosion and deposition
processes lead to a selective or element-specific mobilization,
transport, and long-term burial in aquatic sediments. Shallow
groundwater input is an important elemental transportation
and entry path but can also lead to a dilution of nutrients and
pollutants under the given flow conditions.

The dominant plant community, adapted to the elemental
input, can selectively delay element (e.g., Ca) burial in the ket-
tle hole sediment. The considerable element losses from the
surrounding soils and subsequent inputs into the kettle hole
represents a large unidirectional flux of nutrients and reactive
material that should be countered with comprehensive soil
protection measures in the interest of soil and water protection.
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