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ABSTRACT

Iron (Fe) hydroxide sludge is a by-product of open-pit lignite mining that accumulates in large quantities during
acid mine drainage (AMD) treatment, where Fe?™ is precipitated to mitigate its environmental impact on aquatic
ecosystems. Large quantities accrue, and the majority of Fe sludge is currently landfilled, although it may hold
potential for beneficial reuse, for example, as a soil amendment. Hence, this study investigated the potential of Fe
sludge to improve the water-holding capacity of sandy soils. A pure quartz sand and three sandy soil substrates
were mixed with three different amounts of Fe oxide sludge (15, 30, and 60 t ha’l) in pelletized and powdered
form. Plant-available water-holding capacity (AWHC) was measured for all treatments, and results were
compared to controls without Fe oxide sludge addition. The quartz sand’s AWHC increased at all application
rates of Fe sludge. In natural sandy soil substrates, Fe sludge increased AWHC at the highest application rate only
in the soil material with an initial AWHC of <10 vol%. The application of powdered Fe sludge was found to be
more effective than pelletized sludge. We conclude that Fe oxide sludge applied as powder has the potential to
enhance the AWHC of soils with an initial AWHC <10 vol%, thus improving the quality of sandy substrates in
post-mining areas. Yet, application of Fe sludge to improve soil physical properties should always consider their
simultaneous impact on soil chemical properties, such as pH buffering, carbon accumulation, and effects on

potentially harmful trace elements.

1. Introduction

Globally, open-pit lignite mining is devastating whole landscapes by
damaging soil and contaminating water resources by acid mine drainage
(AMD). Pyrite (Fe(H)Sz) is a common mineral found in the overburden
material of lignite mines. During mining, the groundwater table is
lowered, and the overburden is excavated, exposing pyrite to oxygen.
When water seeps through the dumped overburden, it becomes enriched
in products of pyrite oxidation, typically including sulphuric acid and
ferrous iron (Fe?"). The acidic Fe*"-enriched groundwater partly dis-
charges into rivers with Fe?t undergoing oxidation and precipitation as
short-range-ordered Fe oxides and hydroxides (hereafter referred to as
Fe oxides), damaging entire aquatic ecosystems (Akcil and Koldas, 2006;
Evangelou and Zhang, 1995).
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For example, in Lusatia - a still active lignite mining region in eastern
Germany - groundwater was lowered for mining in an area of up to 2100
km? (Griinewald and Schoenheinz, 2014). In that region, the River Spree
is most affected by AMD and is thus treated with lime and flocculants to
raise the pH and facilitate precipitation of Fe hydroxides (Friedland
et al., 2021). Before treatment, the average Fe load of the River Spree
was 3.9 t per day in 2023, with individual peak loads reaching up to
68.1 t d~! (Uhlmann et al., 2024). Consequently, approx. 60,000 tons of
Fe sludge accumulate annually in Lusatia (LMBV, 2023). With AMD
being a global problem (Otunola and Mhangara, 2024), thousands of
tons of Fe sludge are produced worldwide by similar water purification
plants (Chen et al., 2015; Sapsford et al., 2015; Zinck and Griffith,
2013). The vast majority of Fe sludge is currently landfilled and only
used economically to a limited extent (summarized in Yu et al., 2022),
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resulting in disposal costs in the millions (Zinck and Griffith, 2013). For
cost, capacity, and environmental reasons, alternative ways to dispose of
or even use the Fe oxide sludge are urgently needed.

Fe oxides are natural soil constituents accumulating in the course of
soil development. Due to their small particle size, they belong to the silt
and clay fraction (Cornell and Schwertmann, 2003), with such fine soil
particles known to have a positive impact on a soil’s water-holding ca-
pacity (WHC). At pH values below their point of zero charge (pHpgc:
8-9), Fe oxides have mainly positive surface charges and thus interact
with the negatively charged functional groups of organic matter as well
as with the negative charged sites of silicate surfaces (Chen et al., 2014;
Cornell and Schwertmann, 2003; Gu et al., 1994). These interactions
contribute to aggregate formation (Duiker et al., 2003), potentially
having an effect on soil hydraulic properties. Furthermore, the binding
of organic matter to Fe oxide surfaces, to some extent, protects the
respective organic matter from microbial decomposition (Eusterhues
et al., 2005; Kaiser and Guggenberger, 2000; Liitzow et al., 2008). In the
long term, the amount of soil organic matter may thus increase in Fe
oxide-amended sandy soils, potentially contributing to the soil’'s WHC
(Hudson, 1994; Williams et al., 2016; Yost and Hartemink, 2019). The
use of Fe oxide sludge as an additive to sandy soils, which are charac-
terized by low WHC, thus bears the potential to be a cost-effective so-
lution for improving soil WHC as well as enhancing the economic
potential of the sludge.

Various soil amendments, e.g., bentonite (Suzuki et al., 2007), bio-
char (Basso et al., 2013; Verheijen et al., 2019; Yu et al., 2013), termite
mound material (Suzuki et al., 2007), compost (Ozores-Hampton et al.,
2011; Tester, 1990), and also artificial polymers (Rodionov et al., 2012)
have been successfully tested globally to increase the water-holding
capacity of sandy soils. However, these materials are specifically
retrieved (bentonite) or produced (biochar, polymers) with high energy
input, or their retrieval destroys biodiversity hotspots (termite mounds).
Furthermore, organic amendments may exhibit an intense but
short-lived effect (Eden et al., 2017) and have to be applied repeatedly
for a long-term effect. Fe oxide sludge, in contrast, is a byproduct of
lignite mining, and so its provision as a soil amendment does not cause
any extra energy input. Due to the stability of Fe oxides in most soils
(oxic and pH > 3), a one-time application may thus be sufficient for
generating positive long-term effects.

While Fe-rich by-products have been studied as soil amendments,
most research has focused on chemical interactions, such as the reme-
diation of contaminated soils (Doi et al., 2005; Olimah et al., 2015;
Simiele et al., 2022), phosphorus retention (Fenton et al., 2012), or their
application as phosphorus fertilizers (Dobbie et al., 2005) — whereas
studies on their impact on physical soil properties remain limited.
Existing studies predominantly examined sludges from drinking water
treatment plants, mostly aluminum-based (Bugbee and Frink, 1985; Kerr
et al., 2022; Moodley and Hughes, 2006; Rengasamy et al., 1980), or of
sewage sludge (Epstein et al., 1976; Lindsay and Logan, 1998; Logan and
Harrison, 1995). For example, results showed that sludge addition can
increase the available water holding capacity of soils by 23-85 %
(Epstein et al., 1976; Logan and Harrison, 1995; Rengasamy et al., 1980)
while Lindsay and Logan (1998) reported no significant effect. The
majority of studies used loams for sludge application tests (Epstein et al.,
1976; Kerr et al., 2022; Lindsay and Logan, 1998; Logan and Harrison,
1995; Moodley and Hughes, 2006). Studies with sands, naturally
exhibiting the lowest water holding capacities and therefore likely
profiting most from soil amendments, are rare (Rengasamy et al., 1980).
Furthermore, field tests frequently did not mention the incorporation
depth of sludges (Lindsay and Logan, 1998) or the time when samples
were taken after sludge application (Epstein et al., 1976).

Fe sludges may be applied to soils in two different modes, either as
pressed pellets or as powder. Pellets represent the most convenient op-
tion for the application of Fe sludge due to reduced dust formation,
easier storage, and better compatibility with agricultural application
equipment. Similar advantages have been demonstrated for other
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pelletized mineral fertilizers, such as those based on sewage sludge ash
(Cwalina et al., 2025), industrial biosludge (Sandberg et al., 2024), or
biochar-compost mixtures (Sung-inthara et al., 2024). The pelletized
material, however, could contain a higher share of small pores (e.g., fine
pores <0.2 pm) and potentially cause lower plant-available water--
holding capacity (AWHC) compared to sludge powder, which might
additionally be distributed in soil more homogeneously. Although some
studies have examined the potential of Fe sludge as soil amendments,
the influence regarding the water-holding capacity of sandy soils,
particularly plant-available water, has not yet been systematically
investigated. This study, therefore, aimed at determining whether Fe
oxide sludge can directly increase the water-holding capacity of sandy
soils. We hypothesized that (i) the larger the application rate of Fe
oxide-rich amendment, the larger the increase in WHC as well as AWHC,
and (ii) sludge powder is more effective in elevating AWHC of sandy
soils than pelleted Fe sludge. To test our hypotheses, we applied
different levels of powdered and pelleted Fe oxide sludges to pure quartz
sand as well as three sandy soil substrates, containing 73-97 % sand and
<0.1-1.2 % organic carbon, and measured WHC as well as AWHC for
these mixtures and respective control treatments without Fe sludge
addition.

2. Materials and methods

2.1. Preparation and characterization of soil additives based on Fe oxide

sludge

The Fe oxide material was collected from a Fe sludge basin in the
post-mining area of Lusatia in Eastern Germany. The basin was created
in the 1970s to deposit Fe oxide sludge precipitating from mining-
affected water through oxidation and alkalization (Uhlmann et al.,
2019). Due to the long deposition time, the material has been heavily
rooted, e.g., by reeds. The material was sieved (>40 mm), dried at 60 °C,
ground (<2 mm) with a cutting mill (SM 200, Retsch, Haan, Germany)
to shred the remaining plant residues, and mixed with 5 % clay (w:w).
The natural clay material originated from a mining area near Plessa
(Southeast Germany) and was mainly composed of illite and kaolinite
according to X-ray diffraction (XRD) analysis (data not shown). The
Fe-clay mixture was moistened and press agglomerated using an
extruder (type PZVMS8E, Handle, Miihlacker, Germany). Even though
the Fe sludge pellets contain small amounts of clay and plant residues,
they are further referred to as ‘Fe sludge pellets’; control pellets
composed of pure clay material were produced in the same way (Fig. 1).
In order to use the identical material for both treatments, half of the Fe
pellets were ground again by hand to produce a powder. The properties
of the respective material are summarized in Table 1. The total carbon
(Cp) and total nitrogen (N;) content were determined by dry combustion
with a CN analyzer (varioMicro cube, Elementar, Langenselbold, Ger-
many). To determine the organic carbon (OC) content, samples were
treated in a muffling furnace at 550 °C (DIN, 2021) and subsequently
measured by dry combustion to determine the remaining inorganic
carbon (IC) content. The OC content was calculated as the difference
between C; and IC. The specific surface area of samples was obtained
using the BET method based on the physisorption of N3 gas at 77 K
(Brunauer et al., 1938). Nitrogen adsorption was measured at 11 points
in the partial pressure range of 0.05-0.3 with an Autosorb-1 analyzer
(Quantachrome, Boynton Beach, USA). The total Fe (Fey) content was
determined via pressure digestion of the ground sample in aqua regia
(HNOs3 + HCI) at a solid-to-solution ratio of 1:20 (g mLfl), with sub-
sequent measurement of Fe in the solute by inductively coupled plasma
optical emission spectrometry (ICP-OES; iCAP 6000 Series, Thermo
Scientific, USA). In addition, pedogenic Fe, including crystalline and
short-range-ordered (SRO) Fe oxides, was determined by dithionite-
citrate—bicarbonate extraction (Fepcg) (Mehra and Jackson, 1958), and
the SRO Fe oxide fraction was extracted with acid ammonium oxalate
(Feaao) (Schwertmann, 1964), combined with subsequent measurement
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Fig. 1. Manufactured Fe-sludge pellets (left) and clay mineral pellets (right).

Table 1

Properties of the Fe sludge material used for this study. Mean values and
respective mean ranges were calculated based on duplicates. Where appropriate,
values are expressed on a dry-weight basis.

Fe sludge material Clay material

PHcaci2 7.4 3.3
Specific surface area [m? g~1] 146.6 + 3.8 27.6 + 0.6
Cc[mgg™] 55.7 + 2.4 1.4 £ 0.0
oC [mg g1 50.1 + 2.5 1.0 £ 0.0
N, [mg g1 2.5+ 0.3 1.3+0.4
C:N ratio 22 1

Fe, [mg g~ ] 250.5 + 4.7 15.2 + 0.1
Fepcp [mg g~ '] 265.8 + 0.3 n.d.

Feano [mg g7'] 265.7 + 6.2 n.d.

Notes: C; = total carbon; OC = organic carbon; N, = total nitrogen; Fe; = total
iron; Fepcg = dithionite-citrate-bicarbonate-extractable iron; Feapno = acid
ammonium-oxalate-extractable iron.

of Fe in the extracts by ICP-OES (Ultima 2, Horiba Jobin-Yvon S.A.S.,
Longjumeau, France). The Fe;, Feapo, and Fepcp values are nearly
identical (Table 1), indicating that the Fe minerals in the sludge are
mainly SRO Fe oxides, such as ferrihydrite.

2.2. Quartz sand and sandy soil substrates

Carbon-free, pure quartz sand was washed with ultrapure water until
an electrical conductivity of <3 pS cm ™! and dried at 40 °C. Sandy soil
substrates were taken from three different sites in Lusatia, Brandenburg
(Germany): (I) soil substrate of a reclamation site in the lignite mining
area Welzow South (0-30 cm; Schillem et al., 2019), (I) a naturally
grown arable soil of a marginal agricultural field near Heinersbrueck
(0-25 cm), and (III) soil substrate at the long-term post-mining research
site “Chicken Creek” located within the lignite opencast mine Welzow
South (15-25 cm; Gerwin et al., 2009). The sampling depth at each site
was selected to ensure that the collected soil material was both repre-
sentative of the respective substrate and sufficiently homogeneous for
experimental comparison. This is particularly relevant in post-mining
landscapes, where technically redeposited soil substrates often exhibit
considerable heterogeneity due to layered deposition of different ma-
terials (Gerwin et al., 2009). The soil substrates were dried at room
temperature and sieved to <2 mm. For texture analysis, samples were
treated with 25 % HCI and 30 % H20, to remove carbonate and organic
matter and subsequently measured using laser diffractometry (Beckman
Coulter LS 13320 PIDS, Indianapolis, USA). According to respective
results (Table 2), the substrates are classified as fine sandy medium sand
(I), medium sandy fine sand (II), and loamy sand (III) (AG Boden, 2024).

Table 2

Properties of the quartz sand and soil substrates used for the study. Mean values
and standard deviation were calculated based on triplicates for C; N;, and
textural data, while mean ranges were calculated based on duplicates for the
remaining parameters. Where appropriate, values are expressed on a dry-weight
basis.

Pure quartz Welzow Heinersbrueck Chicken
sand South Creek
PHcaci2 7.0 7.5 4.3 7.4
C; [mg g’l] 0.4+0.0 0.9 + 0.0 12.1 +£ 0.4 3.8+0.1
OC [mg g ' 0.4+ 0.0 0.9 + 0.0 12.1 +£ 0.4 3.7+0.1
N, [mg g '] <0.1 0.1 +0.0 1.1+0.1 0.2 + 0.0
C:N ratio - 9 11 19
Fe, [mg g~ '] 3.7+0.1 2.7 £ 0.2 43+0.1 8.0 + 0.0
Fepcp [mg g '] 0.8+0.1 0.6 + 0.1 2.3+0.1 2.6 0.2
Feano [mg g1 0.1 +0.0 0.1 +0.0 2.0 + 0.0 0.5+ 0.0
Coarse sand [%] 32.1 +6.0 12.6 + 1.0 4.4+ 25 11.7 +
(<2000 pm - 0.8
> 630 pm)
[%]
Medium sand 62.5 + 4.8 59.2+1.3 322+ 0.6 39.7 +
[%] (<630 0.8
pm - > 200
)
Fine sand [%] 4.4 +0.9 24.6 £ 0.5 52.7 + 2.2 21.6 +
(<200 pm - > 0.5
63 pm)
Silt [%] (>2pm 0.5+ 0.2 2.7 +0.1 8.5+ 0.3 21.7 +
- < 63 pm) 0.7
Clay [%] (<2 0.4+0.1 0.8 + 0.0 224+0.1 5.3+0.3
pm)
textural class coarse fine sandy medium sandy loamy
sandy medium fine sand sand
medium sand
sand

Notes: C; = total carbon; OC = organic carbon; N; = total nitrogen; Fe, = total
iron; Fepcg = dithionite-citrate-bicarbonate-extractable iron; Feaao = acid
ammonium-oxalate-extractable iron.

The OC, C;, Ny, and Fe contents were determined as described for the Fe
sludge material above. The physicochemical properties of the quartz
sand and soil substrates are given in Table 2.

2.3. Experimental design

There is currently no standardized method for testing the influence of
soil amendments such as Fe sludge on AWHC under controlled labora-
tory conditions. Our experimental setup, however, follows the approach
used in comparable studies (Kerr et al., 2022; Logan and Harrison, 1995;
Moodley and Hughes, 2006). In detail, three amounts (6.1, 12.2, and
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24.4 g) of dried Fe sludge pellets or powder were mixed with 350 g of
pure quartz sand or three different sandy soil substrates. The mixtures
were filled into steel cylinders (V = 248 cm3, d=7.2cm,h=6.1 cm)
and covered with a mesh at the bottom to keep the samples in the cyl-
inder. In relation to the surface area of the cylinders, this results in Fe
sludge application rates of 15, 30, and 60 t ha™!, which is equivalent to
1.7, 3.4 and 6.5 wt%. These rates fall within the range of application
levels used in previous studies: 5-50 wt% (Doi et al., 2005), 5 wt%
(Hodson et al., 2023), or 0.015-3 wt% (Fenton et al., 2012). Since no
systematic studies have yet investigated the impact of Fe sludge on the
AWHC of sandy soils, the selected application levels reflect amounts
manageable in practice, consistency with previously tested amendment
levels, and the need to establish an empirical basis for potential field
application. In addition, identical amounts of clay minerals were mixed
with 350 g of pure quartz sand to compare the effect of clay material and
Fe sludge on AWHC. Pure quartz sand and sandy soil substrates without
any additions were used as controls, and each treatment was replicated 5
times.

The packed cylinders were water-saturated overnight by capillary
rise and subsequently dried at 40 °C for 48-72h. This procedure was
repeated three times to simulate natural soil structure formation by wet-
dry cycles and the concomitant swelling and shrinking of the material.
The mixtures in the packed cylinders varied in volume due to the
varying amounts of added Fe sludge and clay minerals and the slightly
different textures of the soil substrates used. Consequently, the filling
height differed among treatments and was thus measured at 3 points and
averaged to calculate the exact sample volume for subsequent bulk
density determination.

The AWHC of each mixture and unamended control was calculated
as the difference between the volumetric water content at field capacity
and at the permanent wilting point (PWP). Field capacity is defined as
the volumetric water content after gravitational drainage has ceased,
whereas PWP defines the water content, at which soil water is retained
in fine pores and thus not available for plants. Matric potentials reported
for field capacity are highly variable, with the most commonly cited
value being —60 hPa (commonly used in Germany), while the perma-
nent wilting point (PWP) is typically associated with a matric potential
of —15,000 hPa (Hartge and Horn, 2016). To determine the respective
water contents, cylinders were water-saturated by capillary rise and
then drained on a sand bed at —60 hPa until equilibrium. Afterwards,
cylinders were weighed to determine gravimetric water content. They
were then further dewatered at —316 hPa, a pressure step relevant for
distinguishing different pore sizes, weighed again, and subsequently
oven-dried at 105 °C for 24 h to determine dry mass. The five repetitions
of each treatment were mixed to take three subsamples that were filled
into smaller steel rings (d = 4.9 cm, h = 1 cm). Samples in these rings
were again water-saturated and then exposed to —15,000 hPa in
high-pressure chambers for dewatering down to the PWP. Gravimetric
water content was again determined after equilibrium. The gravimetric
values (wt%) were converted to volumetric water content (vol%) using
cylinder-specific bulk densities. The AWHC was finally calculated as the
difference between the mean water content at field capacity (—60 hPa)
and the mean water content at PWP (—15,000 hPa). By exposing all
samples to standardized matric potentials, resulting water contents and
AWHC values can be directly compared across treatments to assess the
effects of Fe sludge amendments.

In addition to AWHC, pore size distribution was determined ac-
cording to Amelung et al. (2018) by calculating the vol% of wide mac-
ropores (>50 pm), narrow macropores (10-50 pm), medium-sized pores
(0.2-10 pm) and fine pores (<0.2 pm). Water contents of samples after
exposure to —60 hPa, —316 hPa and —15,000 hPa were determined by
weighing and associated pore volumes were calculated as follows: wide
macropores were estimated as the difference between total pore volume
and the water content at —60 hPa; narrow macropores as the water
retained between —60 hPa and —316 hPa; medium pores as the water
retained between —316 hPa and —15,000 hPa; and fine pores as the
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residual water content at —15,000 hPa. The total pore volume is
equivalent to the difference between sample volume and volume of the
solid substance, which was determined by assuming a particle density of
2.65 g cm 2 for the soil substrate material and 2.73 g cm™° as the mean
value for the illite (2.8 g cm—3) and kaolinite (2.65 g c¢m—3) dominated
clay material (Flint and Flint, 2002). The particle density of the
Fe-sludge/clay mixture was determined with a helium pycnometer
(Ultrapyc 5000, ANTON PAAR, Ostfildern-Scharnhausen, Germany),
resulting in a density of 2.69 g cm™.

2.4. Statistical analysis

Data was tested for normal distribution using the Shapiro-Wilk test,
followed by Levene’s test for homoscedasticity. Due to partially non-
normal distributed data, the non-parametric Kruskal-Wallis test (p <
0.05) with Dunn test post-hoc comparisons (Bonferroni correction
method) was used to test for significant differences between water
contents of different treatments at —60 hPa and —15,000 hPa. Due to the
experimental design (5 replicates at —60hPa and 3 replicates at
—15,000 hPa), testing for significant differences in AWHC (difference of
water content at —60 hPa and —15,000 hPa) was not possible. Statistical
analyses were performed using R 4.2.2 (RStudio Team, 2016).

3. Results

3.1. Fe sludge increases the water-holding capacity and plant-available
water content of quartz sand

As expected for pure quartz sand, the WHC was generally low (3.5 +
0.2 vol%; Fig. 2A). However, the experiment with pure quartz sand
demonstrated that its WHC increased with the amount of applied clay
minerals and Fe sludge material (Fig. 2A). Differences in WHC between
the quartz sand control and the quartz sand mixed with clay minerals
were smaller and not statistically significant (p > 0.1) compared to
differences between the quartz sand control and the quartz sand mixed
with Fe sludge material. Here, the differences were significant (p < 0.05)
at an application rate of >30 t Fe sludge ha ™. Hence, Fe sludge seems to
be more effective in terms of increasing the WHC. For example, the
application of 60 t ha ! of Fe sludge powder significantly increased
WHC from 3.5 &+ 0.2 to 11.4 + 0.1 vol%, compared to the clay mineral
powder, which only caused an increase to 7.2 + 0.3 vol%. For the Fe
sludge material, application as powder tends to be more effective in
increasing the quartz sand’s WHC compared to Fe sludge pellets
(Fig. 2A), though differences between powder and pellets were not
statistically significant at any application rate.

The water content at the permanent wilting point (PWP) likewise
increased with the application of clay minerals and Fe sludge material,
with a larger increase for Fe sludge (Fig. 2B). Application of 60 t ha™!
clay mineral powder increased the water content at PWP three-fold from
0.9 + 0.2 vol% to 2.8 + 0.1 vol%, whereas the Fe sludge powder
resulted in a significant maximum increase to 5.5 + 0.3 vol%. For the Fe
sludge material amended as pellets, the water content at PWP of the
sludge-quartz mixtures was not statistically different from that applied
as powder, irrespective of the Fe sludge application rate (Fig. 2B).
Despite the concomitant increase of WHC and water content at PWP, the
plant-available water holding capacity (AWHC) was still larger in quartz
sand amended with Fe oxide sludge powder compared to the quartz sand
control (Fig. 2C). At the highest application rate of 60 t ha~!, the AWHC
more than doubled upon application of Fe oxide sludge powder from 2.7
+ 0.3 vol% to 5.9 + 0.4 vol%.

3.2. Fe-sludge has minimal impact on the plant-available water content in
soil substrates

Field capacity is distinctly larger in sandy soil substrates (>13 vol%)
compared to the pure quartz sand and is largest (>20 vol%) in the
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available water holding capacity (vol%)
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application rate (t ha™)
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clay mineral powder . clay mineral pellets

Fe sludge powder . Fe sludge pellets

Fig. 2. Water content at field capacity (A) and at the permanent wilting point (PWP) (B) for the quartz sand depending on the application rate of clay material and Fe
sludge. Error bars were calculated for five replicates for the water content at field capacity (—60 hPa) (A) and three replicates for the water content at PWP (—15,000
hPa) (B). Asterisks (*) indicate statistically significant differences (p < 0.05). Statistical comparisons were conducted both within treatments (i.e., across different
application rates) and between treatments (i.e., between clay and Fe sludge amendments), but no significant differences were observed in the data presented. For
clarity, non-significant results are not shown. Available water holding capacity (AWHC) (C) was calculated as the difference between the mean water content at field
capacity and the mean water content at the permanent wilting point. The standard deviation (+) was calculated as the square root of the sum of the squared dif-
ferences of the mean values. Due to the experimental design, testing for significant differences in AWHC was not possible.

organic matter-rich fine sand (Fig. 3A). Addition of Fe oxide sludge
significantly increased WHC at the largest application rate (60 t ha™?) in
the medium sand (Welzow South) and the loamy sand (Chicken Creek),
with effects being generally larger for the Fe sludge powder than
compared to the respective amounts of pellets (Fig. 3A). For the medium
sand, WHC increased from 13.3 + 2.3 to a maximum of 17.8 + 0.9 vol%,
and for the loamy sand, from 16.3 + 0.8 to 22.8 + 0.4 vol%. In the
organic matter-rich fine sand (Heinersbrueck), Fe sludge powder addi-
tion also significantly increased WHC (24.3 + 2.3 to 30.6 + 3.0 vol%),
however, only at the medium application rate of 30 t ha!. Statistical
differences in WHC between Fe sludge powder and pellets were not

significant for all tested soil substrates and application rates.

The concomitant increase in water content at PWP (Fig. 3B) di-
minishes the effect of Fe sludge addition on AWHC (Fig. 3C). There is a
slight increase in AWHC in natural sandy soil substrates with the addi-
tion of Fe sludge powder. However, standard deviations are relatively
high for soil substrates. The largest effect of Fe sludge powder was found
for the loamy sand with an increase of AWHC from 9.8 + 0.8 to 13.0 +
0.4 vol% at the largest application rate of 60 t ha™! (Fig. 3C). On
average, the application of Fe sludge powder resulted in slightly higher
AWHC values and lower standard deviations compared to pellet appli-
cation (Fig. 3C).
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at the permanent wilting point. The standard deviation (+) was calculated as the square root of the sum of the squared differences of the mean values. Due to the

experimental design, testing for significant differences in AWHC was not possible.

3.3. Effects of Fe sludge on bulk density, pore volume, and pore-size
distribution

Addition of Fe sludge to quartz sand significantly decreased bulk
density, with a more pronounced effect observed for pellets compared to
powder (Table 3). The decrease in bulk density due to the addition of Fe
sludge pellets is also observed in sandy soil substrates, especially in the
medium and fine sand. In contrast, the addition of Fe sludge powder
results in an increase in bulk density at the lowest application rate (15 t
ha~1)in sandy soil substrates, compared to their respective control, but

returns to control levels at the highest application rate (60 t ha™?) for
medium and fine sand. Conversely, in loamy sand, bulk density increases
with higher application rates of Fe sludge powder.

The quartz sand’s decrease in bulk density upon Fe sludge pellet or
powder addition is accompanied by an increase in total pore volume
(Table 3). That rise in pore volume stems from an increase in the pro-
portion of fine and medium-sized pores as well as narrow macropores,
that more than compensates for the concomitant decrease in wide
macropores (Fig. 4). Overall, the shift in the proportion of macropores
from wide to narrow is more pronounced in the quartz sand when Fe
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Table 3
Bulk density and total pore volume for the mixtures depending on the application rate of Fe sludge and clay mineral material.
quartz sand medium sand fine sand loamy sand
appl. rate bulk density pore volume bulk density pore volume bulk density pore volume bulk density pore volume
[t ha’l] [g cm’3] [cm3] [g cm’s] [cms] [g cm’3] [cm3] [g cm’g] [cmg]
control 0 1.72 £ 0.02 71.7 £ 2.4 1.64 £ 0.01 81.1+1.6 1.46 + 0.02 108.4 + 2.5 1.53 £ 0.01 97.0 £ 0.9
clay mineral pellets 15 1.72 + 0.02 72.7 £2.3
30 1.73 + 0.02 725+ 23
60 1.69 £ 0.01 80.1 £1.4
clay mineral powder 15 1.71 +£ 0.03 74.7 £ 1.9
30 1.74 £0.01 71.0 £ 0.6
60 1.73 £0.02 753+ 1.2
Fe sludge pellets 15 1.68 + 0.02 77.5 £ 2.1 1.63 £+ 0.03 84.7 +£ 3.8 1.45 + 0.01 111.6 + 2.3 1.53 £ 0.01 98.1 £1.7
30 1.66 + 0.01 81.4+1.9 1.62 + 0.02 86.7 + 3.4 1.41 +£0.02 109.2 + 2.5 1.53 + 0.02 100.3 £+ 3.6
60 1.61 £ 0.02 91.5 + 3.5 1.60 £+ 0.01 929+ 1.3 1.40 £ 0.01 1143+ 1.8 1.51 + 0.00 106.6 &+ 0.5
Fe sludge powder 15 1.70 + 0.02 75.0 £ 2.3 1.66 + 0.01 80.3+14 1.48 + 0.00 105.9 +£ 0.5 1.54 + 0.02 97.2 +£ 3.0
30 1.68 £+ 0.02 789 +1.9 1.65 + 0.02 82.7 £ 2.4 1.46 + 0.02 101.2 + 2.5 1.56 + 0.02 95.5 + 3.3
60 1.65 £ 0.02 86.1 £ 1.6 1.64 £ 0.03 86.6 = 3.9 1.46 £+ 0.02 104.9 + 3.7 1.55 + 0.02 101.0 + 3.0
medium sand fine sand loamy sand
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Fig. 4. Pore size distributions and pore volumes of quartz sand and three sandy soil substrates amended with Fe sludge pellets and Fe sludge powder, respectively.
Pores were defined as fine pores (<0.2 pm), medium-sized pores (0.2-10 pm), narrow macropores (10-50 pm), and wide macropores (>50 pm).

sludge was added as powder (Fig. 4).

In the sandy soil substrates, the addition of Fe sludge powder or
pellets only slightly affected the total pore volume. Irrespectively, we
observed an increasing proportion of fine pores at the expense of wide

macropores in the sandy soil substrates with increasing Fe sludge
addition, with a clearer trend for the applied powder. Solely, the loamy
sand, characterized by the lowest proportion of medium-sized pores,
exhibits a slight increase in these medium-sized pores relevant for the
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water supply of plants (Fig. 4). Hence, the increase in AWHC of the
loamy sand upon Fe sludge powder addition can be explained by the
increased contribution of medium-sized pores. The observed differences
in AWHC and pore structure changes among the substrates likely reflect
their textural characteristics. Substrates with lower fine sand fractions
(e.g., quartz sand: 4.4 & 0.9 %; Chicken Creek: 21.6 + 0.5 %) exhibited
more pronounced increases in medium and fine pores upon Fe sludge
addition than those with higher fine sand content (e.g., Heinersbrueck:
52.7 + 2.2 %). In summary, the application of Fe sludge as powder or
pellet has been demonstrated to increase, particularly the proportion of
fine pores in all investigated sandy substrates at the expense of large
macropores, whereas the increase of medium-sized pores was only
recognizable for the pure quartz sand and loamy sand from the Chicken
Creek site.

4. Discussion

4.1. Impact of Fe sludge on plant-available water-holding capacity in
sandy soils

To the best of our knowledge, data on WHC and AWHC in sandy soils
with Fe oxide sludge amendment do not yet exist, while data on the
effect of other soil amendments are rare and mainly concentrate on the
effect of biochar (e.g., Basso et al., 2013; Herawati et al., 2021; [brahimi
and Alghamdi, 2022; Yu et al., 2013). For example, Yu et al. (2013)
studied the effect of 3 w% biochar (equivalent to about 65 t ha 1)
applied to loamy sand and measured an increase in WHC from 16 to 19
vol%. This is in the range of our sandy soils amended with 60 t ha™! Fe
oxide sludge. However, Yu et al. (2013) did not take water held at the
PWP into account, and the actual increase in available water is most
likely smaller. Basso et al. (2013) measured the AWHC of sandy loam
(68 % sand, 25 % silt) mixed with 3 and 6 w% biochar and incubated for
91 days in freely draining columns with weekly watering. After 15 days,
no significant difference in AWHC between the control and the
biochar-amended sandy loam was found. However, after 91 days, the
AWHC of both biochar-amended soils was significantly larger (19 vol%)
than the AWHC of the control (14 vol%). This temporal dynamic in-
dicates that improvements in AWHC following soil amendments may
develop progressively as biological activity and soil structure evolve.

While such studies provide useful references, the mechanisms un-
derlying the effects of biochar and Fe sludge differ substantially. Biochar
increases soil water retention primarily through its high internal
porosity and surface area (Liu et al., 2017). In contrast, Fe sludges,
which contain large amounts of SRO Fe oxides, may enhance soil water
retention not only through their own porosity but also likely by pro-
moting soil aggregation (Duiker et al., 2003). In our experiment, the
slight to moderate increase in AWHC in pure quartz sand and the loamy
sand due to the addition of Fe-sludge can be explained by clay-sized
sludge particles occupying wide macropores (Bodman and Constantin,
1965) as confirmed by the observed decrease in these pores. The distinct
increase in fine pores in all sands upon Fe sludge addition might further
be due to (micro)aggregates containing fine pores (Totsche et al., 2018;
Yudina et al., 2022) that seem to occur in Fe sludge pellets or form
during wetting and drying of Fe sludge powders. The overall decrease in
bulk density upon Fe sludge addition as pellets is an effect of larger
particles being added to a packing of smaller particles, disproportion-
ately increasing overall porosity (Wickland et al., 2006).

Distinct effects of Fe sludge addition on AWHC were only found for
substrates and soils with the lowest initial AWHC (pure quartz sand with
2.7 + 0.3 vol% and loamy sand with 9.8 + 0.8 vol%) and at the highest
Fe sludge application rate (60 t ha™!). This also implies that the effect of
Fe sludge addition to sandy soils with respect to AWHC can be variable,
and not every sand substrate benefits from the incorporation of Fe oxide
sludge, as was the case for the medium sand from Welzow South and the
fine sand from Heinersbrueck.

According to the German Manual of Soil Mapping (AG Boden, 2024),
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an AWHC of <11 vol% is considered as very low, and of 11 to < 15 vol%
is considered as low. Thus, the increase for the loamy sand from Chicken
Creek from 9.8 + 0.8 vol% to 13.0 + 0.4 vol% resulted in an upgrade.
This rise of 3.2 vol% refers to an incorporation depth of the added Fe
oxide sludge of about 6 cm (filling height of cylinders) and is thus
equivalent to nearly 2 L of plant-available water that can be additionally
stored per m? of soil. These 2 L. may enable plants to overcome short dry
periods, providing sufficient previous precipitation to fill the additional
water-storing pores. For a respective increase in plant-available water to
depths >6 cm, Fe sludge addition has to increase accordingly (e.g., to
about 100 t ha™! for 10 cm incorporation depth with an additional 3.3 L
plant-available water). Consequently, the effect of Fe oxide sludge
application on the AWHC of sandy soils is similar to that of biochar, with
the difference that Fe oxide sludge is a readily available byproduct in
mining regions, while biochar has to be specifically produced. If the
water storage effects pay off, higher application rates have to be tested in
field trials. Possibly, effects per ton of Fe sludge might be larger under
natural soil conditions, including plant growth and microbial activity.
The fine-pored sludge material may facilitate, for example, the forma-
tion of moist microenvironments. It has been demonstrated that the
moisture level of fine-pored plant residue can exceed that of the sur-
rounding bulk soil via the so-called ‘sponge effect’ (Kravchenko et al.,
2017), being more pronounced in coarse-textured than in fine-textured
soil material (Kutlu et al., 2018).

4.2. Soil chemical implications of Fe sludge amendment

Besides enhancing AWHGC, other positive effects of Fe sludge appli-
cation may occur, e.g., carbon sequestration and hence humus accu-
mulation, which may justify the expense of its application. With an OC
content of 5 % (Table 1), the added Fe sludge provides a considerable
amount of carbon to the soil substrates. For example, when applied at
the highest rate (60 t ha™!) this corresponds to an OC input of 3 t ha™™.
While biochar organic carbon is relatively stable due to its complex
structure, organic carbon in Fe sludges is stabilized through its inter-
action with the Fe oxide surfaces. Fe oxides have been shown to strongly
bind organic carbon, thereby protecting it from microbial degradation
and contributing to its long-term accumulation in soils (Bramble et al.,
2025; Kaiser and Guggenberger, 2000). For example, Silva et al. (2015)
observed an increase in soil carbon following the application of Fe-rich
biosolids in the topsoil (0-20 cm), with the highest carbon accumulation
observed after 3-6 years.

Although Fe sludge predominantly consists of Fe oxides, it may also
contain a range of adsorbed and co-precipitated trace elements,
including potentially toxic metals such as Cu, Cd, Cr, Ni, Zn (Fenton
et al., 2009; Yu et al., 2022) or metalloids like As (Valente et al., 2011).
In soils, Fe oxides are known for their high sorption capacity, influencing
the mobility and bioavailability of both nutrients and contaminants
(Eick et al., 1999; Fischer et al., 2007; Goldberg et al., 1993, 1996;
Stumm et al., 1980). Consequently, applying Fe oxide sludge to soil may
introduce hazardous metal(oid)s that have accumulated at Fe oxide
surfaces (McKenzie, 1980), and promote the specific adsorption of
essential nutrients such as P, Mo, B, and Zn. Both processes may impair
plant nutrition, reduce fertilizer use efficiency, and potentially offset
beneficial effects such as improved plant-available water-holding ca-
pacity. For example, Hodson et al. (2023) reported reduced plant growth
of winter wheat in sandy clay loam amended with Fe sludge, likely due
to reduced P availability. However, plant roots excrete organic acids and
form mutualistic interactions with arbuscular mycorrhizal fungi to
overcome P fixation (Gerke et al., 1994; Smith et al., 2011). In addition,
the high affinity of Fe oxides for metal(oid)s is also actively exploited in
remediation efforts: Fe sludge is applied to contaminated soils to
immobilize toxic elements such as As, Pb, and Cd, thereby reducing their
environmental and biological availability (Doi et al., 2005; Olimah
et al., 2015; Simiele et al., 2022). Thus, Fe oxide sludge applied to soil
may not only be considered as a source but also as a sink for hazardous
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metal(oid)s, which is most valuable in sandy soils with low sorption
capacity, as further metal(oid)s might be added with fertilizers and
compost (Blume and Briimmer, 1991).

Further, Fe oxide sludge can influence soil pH. As the material is
actively precipitated from AMD through the addition of lime and floc-
culants, it typically exhibits a neutral to slightly alkaline character. The
Fe sludge used in our study, for example, had a pH of 7.4, even though it
was deposited <50 years ago. Although we did not assess soil pH after
sludge application, the material’s chemical properties suggest a poten-
tial to buffer soil acidity, particularly in sandy soils with low buffering
capacity. For example, Olimah et al. (2015) observed a significant pH
increase in an As-contaminated soil following the addition of 5 wt% Fe
sludge, while Simiele et al. (2022) reported that Fe sludge, especially
when combined with organic amendments, mitigated soil acidification
more effectively than biochar alone. A higher soil pH not only improves
general soil conditions but also reduces the solubility and mobility of
toxic metal(oid)s such as Pb and As. This further supports the use of Fe
sludge in acidic, sandy soils where low pH and poor sorption capacity
often coincide with elevated environmental risks.

4.3. Experimental limitations and transferability to field conditions

The methodology applied in this study, relying on mixing sandy
substrates with Fe sludge and packing the remoulded mixtures into steel
cylinders, deviates from standard field-based approaches, which typi-
cally use undisturbed field samples to preserve the natural soil structure.
However, in many post-mining areas, soils are technically redeposited
and lack a naturally developed structure. In such cases, homogenized
laboratory mixtures can reasonably reflect the initial conditions of
substrates amended with Fe sludge. Moreover, even under practical
conditions, the incorporation of Fe sludge into the upper soil layer would
disturb the existing substrate structure, resulting in conditions similar to
those simulated in this study. Particularly in light of the limited practical
experience and regulatory uncertainties currently restricting the field
application of Fe sludges, laboratory experiments remain a crucial first
step for assessing their effects under controlled conditions. However,
given that only one specific Fe sludge was examined, further studies are
needed to assess how the observed effects may vary across different
sludge types. Fe sludges exhibit substantial variability in physicochem-
ical and mineralogical properties due to differences in their origin and
treatment conditions (Singh et al., 1999; Valente and Gomes, 2009).
Differences in Fe contents, mineral phases (e.g., ferrihydrite vs.
goethite), pH, sulfate concentration, and residual neutralization agents
(e.g., lime) influence not only the chemical behavior but potentially also
soil hydraulic responses following sludge amendment. Therefore, future
research should assess a broader spectrum of Fe sludges under field
conditions, with particular attention to their mineralogical composition
and particle characteristics, which are known to affect aggregation,
porosity, and water retention in amended soils.

5. Conclusions

Our study, for the first time, showed that Fe sludge addition has the
potential to increase AWHC in sandy substrates but only in those that
comprise a very low initial AWHC of <10 vol%. Increases in AWHC were
observed only in one out of three sandy soil substrates, thus questioning
the general suitability of Fe oxide sludge for improving plant-available
water capacity in all sandy soils. Our results thus call for studies that
test Fe oxide sludges for a larger number of natural sandy soils. Apart
from this, we found that WHC increased with increasing application
doses of Fe oxide sludge, thus at least partly supporting our hypothesis
that larger application rates increase the WHC. Under the experimental
conditions, the Fe-sludge powder was more effective in augmenting
WHC than the pelletized material, but there was no distinct difference
regarding AWHC. Although the pellets are potentially easier to handle in
agricultural practice, it must be considered whether the higher
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production costs and the lower efficiency in terms of WHC justify their
application. Given that Fe sludge application increased AWHC already
at the lowest application rate of 15 t ha™!, we estimate for an incorpo-
ration depth of 30 cm that an application level of >75 t ha™! would be
required for increasing AWHC of sandy soils, provided no other soil
properties are harmed. Soils with very low initial AWHC and, in
particular, those characterized by low organic matter content, acidic pH,
and/or increased concentrations of potentially toxic elements, could
benefit not only from improved WHC, but also from pH buffering, car-
bon stabilization, and immobilization of metal(oid)s. Although these
additional properties were not assessed in this study, the combined
agronomic and environmental potential of Fe sludge warrants further
investigation, especially in regions where conventional amendments are
economically or logistically less feasible. This is of particular concern for
regions experiencing increasing temperatures or declining precipitation
under climate change conditions, as well as an increasing abundance of
dry spell periods.
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