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Abstract: For several decades, farmers have been mixing rock powders with livestock slurry to reduce
its NH3 emissions and increase its nutrient content. However, mixing rock powders with slurry is
controversial, and there is currently no scientific evidence for its effects on NH3 and greenhouse gas
(GHG) emissions or on changes in its nutrient content due to element release from rock powders. The
major aim of this study was therefore to analyse the effects of mixing two commercially established
rock powders with cattle slurry on NH3, CO2, N2O and CH4 emissions, and on nutrient release over
a course of 46 days. We found that rock powders did not significantly affect CO2 emission rates. NH3

and N2O emission rates did not differ significantly up until the end of the trial, when the emission
rates of the rock powder treatments significantly increased for NH3 and significantly decreased for
N2O, respectively, which coincided with a reduction of the slurry crust. Cumulative NH3 emissions
did not, however, differ significantly between treatments. Unexpected and significant increases in
CH4 emission rates occurred for the rock powder treatments. Rock powders increased the macro-
and micronutrient content of the slurry. The conflicting results are discussed and future research
directions are proposed.

Keywords: ammonia; cattle slurry; rock powder; silicate; circular economy; fertilizer

1. Introduction

The livestock sector is a major source of ammonia (NH3) and greenhouse gas (GHG)
emissions. Of the total agricultural emissions in the EU in 2017, livestock slurry manage-
ment contributed the biggest share of the total ammonia (NH3) emissions and around 8%
of total methane (CH4) and nitrous oxide (N2O) emissions [1,2]. There is ample evidence
of the negative consequences of accumulating GHG emissions in the atmosphere [3,4],
whereas NH3 emissions can cause atmospheric deposition of nitrogen (N) resulting in the
eutrophication of ecosystems, soil acidification and fine particulate air pollution [5–7]. The
annual cost of NH3 emissions in the EU are estimated to be USD 18–140 billion, mostly
from increased mortality associated with aerosols [8]. There are thus several policies in
place to substantially reduce GHG and NH3 emissions from livestock management.

For several decades, numerous methods have been suggested and tested to reduce
NH3 emissions from livestock slurry, which can account for losses of up to 90% of the ammo-
nium NH4

+-N in the slurry [9]. One suggested method is the addition of nitrogen-adsorbing
materials (minerals, charcoal, peat moss etc.) to the slurry [10]. The underlying hypothesis
is that the NH4

+ in the slurry is adsorbed on the negative charged particle surface of the
materials and thereby reduces NH3 volatilization through a decreased concentration of free
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NH4
+. There is evidence for reduced NH3 emissions when mixing various NH4

+ binders
to slurry, although their agronomic effectiveness is often questionable [10]. Among the po-
tential NH4

+ binders are various rock powders [11,12], which have been used by farmers in
Germany, Austria and Switzerland for several decades. Besides a reduction of slurry NH3
emissions, providers of rock powders (https://www.biolit-natur.com/de/biolit-story.html,
https://www.actimin.nl/ and https://www.schicker-mineral.de/landwirtschaft-accessed
on 8 May 2021) claim that their products increase the nutrient content and decrease the
floating crust, although no single peer-reviewed study was found that measured such
effects.

A limited number of studies measured effects of rock powders mixed with solid
livestock manure, with contradictory evidence. The authors of [13,14] reported reduced
NH3 emissions of solid cattle manure mixed with rock powders whereas [15] found that
mixing basalt with poultry manure slightly increased NH3, which was linked to the basalt-
induced pH increase of the manure. Both [11,16] reported retarded NH3 emissions when
rock powders were mixed with poultry manure, which did not significantly differ from
each other at the end of the experiments. Most of the trials, however, did not measure
GHG emissions, which is a common drawback of studies analysing the emission reduction
potential of abatement options [17].

Irrespective of the potential to reduce NH3 emission from livestock manure, rock
powders are gaining increased agronomic attention since they contain several macro- and
micronutrients essential for plant growth and have thus been proposed as low-cost soil
amendment [18,19]. This is particularly the case for highly weathered soils in tropical
countries, where classical NPK fertilizers are often not affordable or accessible [20–22].
Importantly, such tropical soils are depleted in macro- and micronutrients, an escalating
agronomic gap which neither classical NPK fertilizers nor liming can currently sufficiently
address [23]. In tropical environments, rock powders could play an important role for
sustainable agriculture, underpinned by accumulating evidence of their significant ef-
fects [19,24,25]. Also, there is a longstanding use of rock powders in organic agriculture
and its ongoing expansion increases the demand of suitable nutrient sources that meet
the organic grower’s criteria [26]. Moreover, rock powders arise in massive quantities as
a problematic by-product of the global mining industry, with estimated igneous quarry
fines (<0.063 mm) of 3.3 billion tons per year [27]. Their agricultural recycling could help to
resolve a serious disposal challenge and thus promote a circular economy [28]. Particular
interest stems from their multi-faceted potential as ‘development minerals’, since domes-
tic re-use and manufacturing of rock waste could have a major impact on the structural
economic transformation and poverty alleviation of developing countries [18,29].

However, overall results are contradictory since the central process, rock weathering,
is a complex interplay of several factors such as rock type, soil type and plant species [30]. A
major limitation of rock powders is their low solubility, which can however be improved by
various treatments, among which the mixture with cattle dung and legume straw showed
to significantly increase nutrient release [31]. The nutrients from rock powders can be
released through organic acids that are produced during organic matter decomposition [31],
and also by direct microbiological attack [32,33]. Livestock slurry contains both organic
acids and microorganisms [34], and could thus equally enhance rock powder nutrient
release. Again, we could not find a single peer-reviewed study that analysed potential
effects on nutrient release of rock powders mixed with livestock slurry.

Overall, there are several reasons for examining the effects of rock powder additions to
livestock slurry. The claim that rock powders reduce the NH3 emissions of livestock slurry
is theoretically possible and contradictory evidence exists for livestock solid manure [11,
13,14,16]. Effects on other GHG emissions were not, however, considered before by most
of these studies and must be equally addressed. Additionally, enhancing the nutrient
release from rock powders via organic materials bears significant potential to improve their
agronomic efficiency and would be practical across various farm scales and regions. Finally,

https://www.biolit-natur.com/de/biolit-story.html
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a joint analysis of emissions and rock powder nutrient release will likely yield important
biogeochemical insights.

The aim of this study was therefore to measure the effects of mixing two commercially
available rock powders to cattle slurry on NH3, CO2, CH4 and N2O emissions, and to
analyze the nutrient release from the rock powders. Finally, we discuss the usage of rock
powders as slurry treatment and recommend future research directions.

2. Materials and Methods
2.1. Description of Slurry Collection, Treatments, and Site

Cattle slurry was obtained on the 21 June 2020 from a conventional farm in Wachtberg-
Werthhoven, Germany. In the summer months the animals graze and in the remaining
months they are on a diet consisting primarily of maize and grass silage. Before collection,
the underground slurry storage in the barn was mixed for 40 min to homogenize the
slurry. Then, 100 L of slurry were taken in five 20 L buckets. Immediately after collection,
125 mL slurry samples were taken from each of the five buckets and mixed. From the
resulting 625 mL, a 100 mL sample was analyzed for pH, total solids (TS), water content,
organic matter, total N, total ammoniacal nitrogen (TAN), macro and micronutrient content.
After the emission trial, the four replicates of each treatment were mixed together, from
which a sample was analyzed for the same parameters. The analysis of the physiochemical
and microbiological properties was carried out by an independent external laboratory
(AGROLAB Agrar und Umwelt GmbH, Sarstedt, Germany). The remaining slurry was
stored in closed buckets for 5 days at 5 ◦C in a cooling chamber.

On the 26 June 2020 the treatments were prepared and on the 27 June 2020 the
measurements started. The measurements were conducted in the barn of the agricultural
campus Klein-Altendorf of the University of Bonn, over a period of 46 days to resemble
practical temperature conditions. We tested three treatments with four replicates, resulting
in 12 experimental units. The treatments were: control slurry without any additives; slurry
with 5% w/w of the rock powder ‘Eifelgold’; and slurry with 5% w/w of the rock powder
‘Biolit’. The rock powders were analysed for total elemental content and mineralogical
composition via X-ray fluorescence spectroscopy (XRF) (Axios 3 kW, Malvern PANalytical
GmbH, Kassel, Germany) (Table 1). For the pH measurement, rock powder samples were
dispersed with sodium pyrophosphate, shaken for 15 min in an end-to-end shaker and
left to stand overnight. The soil suspensions were then shaken for 1 min prior to pH
measurement [35]. The particle size distribution was measured with the Laser Scattering
Particle Size Distribution Analyzer LA-950 (HORIBA, Kyoto, Japan). All measurements
were performed at the Institute of Geosciences (Department of Geology) at the University
of Bonn. The particle sizes, pH, and elemental composition of the two rock powders are
shown in Table 1 and the mineralogical composition is shown in Table 2.

Table 1. Particle sizes, pH, and elemental composition of the two rock powders ‘Biolit’ and ‘Eifelgold’.

Major Elements in wt% Trace Elements in ppm

Particle
Size (µm) pH SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 SO3 Cu Zn Mn

Biolit 10% < 2.3
90% < 79.4 9.9 57.07 14.59 8.01 3.99 3.00 3.86 2.91 0.35 0.25 20 83 1059

Eifelgold 10% < 2.3
90% < 77.7 10 43.37 14.36 11.22 9.06 11.06 3.16 3.38 0.51 0.21 52 78 1433

Table 2. Mineralogical composition of the two rock powders ‘Biolit’ and ‘Eifelgold’, all values in wt%.

Minerals Biolit Eifelgold

Quartz 18.97 -
K feldspar 13.37 9.17
Plagioclase 43.50 13.81
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Table 2. Cont.

Minerals Biolit Eifelgold

Amphibole 2.14 -
Pyroxene - 44.59
Olivine - 7.46
Leucite - 10.63

Illite/Muscovite 8.74 3.45
Chlorite 10.55 -

Iron oxides - 10.89
Titanium oxides 2.73 -

Rock powder providers recommend amounts between 2–3% w/w, but we raised the
amounts to 5% w/w to detect possible changes more clearly. For optimal mixing, the rock
powder was sprinkled through a sieve (mesh size: 1.5 mm) over the 20 L slurry buckets,
while the slurry was simultaneously mixed with a small hand mixer (MultiQuck MQ100;
Braun GmbH, Neu-Isenburg, Germany). This process of experimental mixing lasted 1.30
min and followed recommendations by the rock powder providers with the aim to imitate
the mixing process in real settings, where the rock powders are blown into the underground
slurry tanks while a rotor, typically powered by a tractor, stirs the slurry. Although the
slurry was mixed for 40 min in the underground storage prior to collection and farmers
generally mix their slurry without rock powder additions, the control slurry was not mixed
before the trial start, since the additional 1.30 min mixing was considered part of the overall
treatment rock powder.

After mixing, 750 mL slurry were taken from each 20 L bucket and were filled into
1 L plastic vessels (17.5 cm × 13.5 cm × 6 cm height), which were stored on a shaded table
in the barn during the measurement period. As in [36,37], the plastic vessels were stored
under aerobic conditions. The stored slurry vessels were covered with lids perforated with
12 2 mm-diameter holes, similar to [36]. This action was taken because pre-trials without
lids showed that slurry crusts formed after several days and limited longer emission
comparisons. In contrast, lids without holes constituted strictly anaerobic conditions and
led to no crust formation at all, a gas overpressure and a condensation of water on the
slurry surface, resulting in more heterogenous and less comparable emission rates. Thus,
perforated lids avoided gas overpressure and water condensation while crusts only started
to form after several weeks. This also aimed to better mimic on-farm conditions [36] and to
render measurements more comparable. The temperature was measured over the whole
course of the experiment inside the barn every 5 min with a datalogger (EASYLOG USB-1,
Larasian Ltd., Fordingbridge, England).

2.2. Emission Measurement Design

Emissions were measured with an INNOVA 1412a photoacoustic gas monitor (LumaSense
Technologies A/S, Ballerup, Denmark), [13,38] that measures NH3, CO2, CH4 and N2O
emissions in real-time once per minute.

The INNOVA measures the gas concentrations in ppm and the detection thresholds of
the gases are as follows: 0.2 ppm NH3; 0.03 ppm N2O; 0.4 ppm CH4; and 1.5 ppm CO2.
The device was used with the default configurations which relate to standard conditions of
20 ◦C and 101.325 kPa, and with an automatic chamber flush time and a sample integration
time of 5 s. The accuracy of gas measurements is ensured for changing temperatures since
the device has an inbuilt mechanism to compensate for temperature fluctuations.

At the beginning of each measurement day, the INNOVA first measured the air in the
barn for 15 min to remove residual internal gas concentrations and to attain background
air concentrations of all gases. In the same barn, the 12 slurry vessels were stored. During
the storage, the slurry vessels were closed with the perforated lids. Before measuring a
slurry vessel, the lid was removed and it was left open for 2 min, so that high residual
gas concentrations from the headspace could dissipate. After 2 min, the vessel was placed
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in a box (60 × 40 × 33.5 cm) equipped with a small fan (40 × 40 × 10 mm; air flow rate
13.94 m3/h, manufacturer: WallAir; Reichelsheim, Germany) that provided a homogenous
air distribution inside the box (Figure 1). After the slurry vessel was put in the box, the
box was closed, the inflow and outflow tubes of the INNOVA were connected to the
box and the measurement started immediately thereafter for 10 min. By connecting both
inflow and outflow INNOVA tubes to the box, the whole air was circulated within the
measurement system. After 10 min, the INNOVA tubes were removed from the box, the box
was opened, the slurry vessel was put out, placed on the table again and closed with the lid.
Then, the INNOVA measured the barn air for 5 min so that it could attain background air
concentration again. Thereafter, the next randomly assigned slurry vessel was measured in
the same procedure, but in a new box. Eventually, each slurry vessel was measured in a
new and separate box.
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Figure 1. Measurement design: The lid (perforation accentuated) was removed from the slurry vessel, which was then
put into a box with a fan and measured for 10 min with the INNOVA 1412a. After a 5-min break, in which the INNOVA
attained background air concentration again, the next slurry vessel was measured in the next box. All 12 slurries were
measured in a separate box according to this procedure.

In preliminary tests, this design yielded consistent real-time emission analysis, agree-
ing with [39], who similarly incorporated a fan into measurement chambers.

The emission values obtained by our chamber experiment allow relative comparisons
between the treatments. However, since various conditions such as surface to volume ratio
differ between laboratory-scale experiments and on farms [38], our values cannot be used
to calculate manure storage or field emission rates without further validation.

The slurries were measured for 46 days. Samples were measured every day until
day 11, then every second day until day 21, thereafter every 3 days until day 30, and every
fourth day for the remaining period. The INNOVA measured the gas concentrations in
ppm and the detection thresholds of the gases were 200 ppb for NH3, 30 ppb for N2O,
100 ppb for CH4 and 5100 ppb for CO2.
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2.3. Data Analysis

For the data analysis, we converted the emission values (ppm gas L−1) into emission
rates (mg−1 gas L−1 h−1). The first of the 10 values of each slurry measurement was
discarded due to high fluctuations. Then, to the nine remaining emission values of each
gas measurement of each day, regression curves (x-axis: time) were fitted in Microsoft
Excel [13,40].

Our measurements were conducted in a closed system in which emissions were
affected by an increasing diffusion resistance that reduced emission rates with time. This
flattening out of the emissions was in the case of NH3, CO2, and CH4 better depicted
through a polynomial regression (polynomial function 2nd order, y = ax2 + bx + c) than
through a linear regression (linear function, y = ax + b). N2O emissions however were very
small and dispersed, and a linear regression fitted better to the values since the polynomial
regression often resulted in positive ax2 values, implying erroneous exponential emission
increases. The b(x) value in the polynomial regression curve of NH3, CO2, and CH4
describes the emission increase in ppm min−1 at time t0, whereas the ax value of the linear
regression describes the emission increase in ppm min−1 for N2O. To obtain emission rates,
the four b(x) and ax values of each gas measurement were arithmetically averaged for
each day, and standard errors were calculated. Then, the obtained ppm gas L−1 min−1

values were transformed into mL−1 gas L−1 h−1. The volume of each box was 80.4 L, so 1
ppm gas min−1 corresponds to 0.0804 mL gas L−1 min−1, and thus 4824 mL gas L−1 h−1.
According to the ideal gas law, milliliter values of the respective gas were then converted
into milligram, thereby yielding the unit mg−1 gas L−1 h−1 [39].

Although minor emissions likely occurred while the slurry vessels were stored with
the perforated lids, overall emission fluxes from the opened slurry vessels were presumably
substantially higher. Therefore, cumulative emissions of the gases were calculated by only
considering the measurement days (n = 23) and the actual time the slurry vessels were
opened (15 min per measurement day). The cumulative gas emissions and the emission
rates (on day 5, 10, 15, 24, 38, 42 and 46) were subjected to an analysis of variance (one-
way ANOVA), followed by a post-hoc Tukey test to determine the statistical significance
between the treatments. For all statistical measurements, a significance level of p < 0.05
was applied and all calculations were conducted with SPSS (version 28.0.0.0 190).

Total greenhouse gas emissions (GHG) expressed as CO2 equivalents were estimated
from the CH4 and N2O emissions with the conversion factors of 310 and 21 for N2O and
CH4, respectively [41].

3. Results
3.1. Gaseous Emissions

In the following, the results for the NH3, CH4, N2O, and CO2 emission measure-
ments are presented, respectively. The complete measurement dataset can be found in the
Supplementary Table S1.

3.1.1. NH3 Emissions

In all three treatments, the NH3 emission rates over 46 days followed a similar course
(Figure 2a). The measurement on the first day, which was conducted immediately after
the slurry was filled in the vessels, resulted in substantially lower NH3 emissions than
for the following days. From the second day onwards, and besides a peak on day 9,
emission rates slightly decreased up until day 20, and remained stable up until day 30.
For the respective measurements on day 5, 10, 15, 24 and 38, no statistically significant
differnces occurred between the treatments. However, on day 42, significant differences
occurred between the control and Eifelgold, and on day 46 statistically significant (p < 0.05)
differences occurred between Eifelgold and the control, and between Eifelgold and Biolit.
This NH3 reduction coincided with the formation of a slight surface crust of the control
and Biolit slurry, emerging from day 38. The crust formation was most pronounced for the
control slurry (Appendix A Figure A1), followed by the Biolit samples. In contrast, no crust
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formation occurred for the Eifelgold samples (Appendix A Figure A2). The cumulative
NH3 emissions did not differ significantly between the treatments, and yielded 213.16 mg
for Biolit, 227.70 mg for the control, and 238.23 mg for Eifelgold (Table 3).

Atmosphere 2021, 12, x FOR PEER REVIEW 7 of 16 
 

 

occurred between the treatments. However,on day 42, significant differences occurred 
between the control and Eifelgold, and on day 46 statistically significant (p < 0.05) 
differences occurred between Eifelgold and the control, and between Eifelgold and Biolit. 
This NH3 reduction coincided with the formation of a slight surface crust of the control 
and Biolit slurry, emerging from day 38. The crust formation was most pronounced for 
the control slurry (Appendix A Figure A1), followed by the Biolit samples. In contrast, no 
crust formation occurred for the Eifelgold samples (Appendix A Figure A2). The 
cumulative NH3 emissions did not differ significantly between the treatments, and 
yielded 213.16 mg for Biolit, 227.70 mg for the control, and 238.23 mg for Eifelgold (Table 
3).  

 
Figure 2. (a) Average ammonia (NH3), (b) methane (CH4), (c) nitrous oxide (N2O) and (d) carbon dioxide (CO2) emissions 
of the control slurry and the slurry mixed with the rock powders ‘Biolit’ and ‘Eifelgold’. Temperature values are the me-
dian degrees Celsius during each measurement period (3 h) in the barn. The red bar indicates the formation of floating 
crusts on the slurry surface for the control slurry and to a lesser extent on the ‘Biolit’ slurry from day 38 onwards. Vertical 
bars represent standard deviation of the mean (n = 4). 

Table 3. Summary of cumulative gaseous losses from the control slurry and from the slurry with additions of the two rock 
powders ‘Biolit’ and ‘Eifelgold’ expressed as mg gas per liter cattle slurry after 46 days. Total GHG emissions are CO2 plus 
the CO2-equivalents of CH4 and N20. (n = 4, values in parentheses are standard errors. Treatment means with different 
letters are significantly different to each other at p < 0.05). 

Treatment Gaseous Emissions    
 NH3 CO2 CH4 N2O Total GHG 
 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 

Control 217.47 
(12.34) 

408.42b 
(12.97) 

106.37c 
(14.19) 

0.615a 
(0.091) 

2831.79c 
(113.06) 

Biolit 
217.99 
(4.045) 

397.12b 
(9.940) 

164.28b 
(15.44) 

0.465b 
(0.226) 

3390.35b 
(159.20) 

Eifelgold 
231.83 
(7.666) 

445.86a 
(8.820) 

326.46a 
(22.01) 

0.302b 
(0.080) 

7395.28a 
(243.49) 

Some coincidence with temperature could be observed, which was most pronounced 
for the emission peak on day 9. The temperature depicted on the graphs does not 
correspond to the daily average temperature, but to the average temperature during the 

Figure 2. (a) Average ammonia (NH3), (b) methane (CH4), (c) nitrous oxide (N2O) and (d) carbon dioxide (CO2) emissions
of the control slurry and the slurry mixed with the rock powders ‘Biolit’ and ‘Eifelgold’. Temperature values are the median
degrees Celsius during each measurement period (3 h) in the barn. The red bar indicates the formation of floating crusts
on the slurry surface for the control slurry and to a lesser extent on the ‘Biolit’ slurry from day 38 onwards. Vertical bars
represent standard deviation of the mean (n = 4).

Table 3. Summary of cumulative gaseous losses from the control slurry and from the slurry with
additions of the two rock powders ‘Biolit’ and ‘Eifelgold’ expressed as mg gas per liter cattle slurry
after 46 days. Total GHG emissions are CO2 plus the CO2-equivalents of CH4 and N20. (n = 4, values
in parentheses are standard errors. Treatment means with different letters are significantly different
to each other at p < 0.05).

Treatment

Gaseous Emissions

NH3 CO2 CH4 N2O Total GHG

mg L−1 mg L−1 mg L−1 mg L−1 mg L−1

Control 217.47
(12.34)

408.42b
(12.97)

106.37c
(14.19)

0.615a
(0.091)

2831.79c
(113.06)

Biolit 217.99
(4.045)

397.12b
(9.940)

164.28b
(15.44)

0.465b
(0.226)

3390.35b
(159.20)

Eifelgold 231.83
(7.666)

445.86a
(8.820)

326.46a
(22.01)

0.302b
(0.080)

7395.28a
(243.49)

Some coincidence with temperature could be observed, which was most pronounced
for the emission peak on day 9. The temperature depicted on the graphs does not cor-
respond to the daily average temperature, but to the average temperature during the
respective measurement period (3 h) of all slurry vessels. After 2 weeks, no obvious
correlation with the temperature was visible.

3.1.2. CH4 Emissions

For all treatments, CH4 emissions were lower on the first days compared to the
remaining measurement period (Figure 2b). We found significant differences in emission
rates between the treatments, which were particularly pronounced for the Eifelgold rock
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powder. Starting from day 4, significant (p < 0.01) differences occurred between Eifelgold
and Biolit and Eifelgold and the control for every single day. From day 6 onwards, Eifelgold
CH4 emissions doubled compared to the other treatments and peaked on day 19, when
emissions rates were on average three times and five times higher than for Biolit and the
control, respectively. Emission rates between Biolit and the control showed no statistically
significant differences up until day 24. From day 24 onwards, CH4 emissions from Biolit
increased and showed statistically non-significant differences to those of Eifelgold. CH4
emissions rates from the control were the lowest over the whole period, gradually started
to increase from day 24 onwards, and eventually aligned to CH4 emissions from Biolit and
the control. Non-significant differences in emission rates were found between the control
and Biolit from day 38 until the end of the measurements, whereas on the last measurement
day, there were no statistically significant differences between all treatments. Similar to
NH3 and CO2, a slight correlation with temperature could be observed for the Eifelgold
emissions on day 9. No influence of the slurry crusts developing from day 34 onwards
could be observed. The cumulative CH4 emissions differed significantly for all treatments
(p < 0.01), with total emissions being 164.28 mg for Biolit, 106.37 mg for the control, and
326.46 mg for Eifelgold (Table 3).

3.1.3. N2O Emissions

The emission rates for N2O remained low and concentrations in the boxes did not
exceed 1 ppm except for some measurements during the last three days (Figure 2c). Accord-
ingly, emission rates for the respective days showed statistically non-significant differences
for all treatments up until the day 42. On day 42 and 46, N2O emissions from the control
were significantly (p < 0.05) higher than for the Eifelgold treatment, whereas average N2O
emissions from Biolit were in between the control and Eifelgold, yet the differences were
statistically non-significant. Increases in N2O emissions correlated with the development
of the slurry crust. Cumulative N2O emissions were 0.46 mg for Biolit, 0.61 mg for the
control, and 0.30 mg for Eifelgold, whereas significant differences occurred between the
control and Eifelgold (Table 3). No correlation between N2O emissions and temperature
could be observed.

3.1.4. CO2 Emissions

The time course CO2 emission rates over the 46 days was different from that of NH3
(Figure 2d). In contrast to the NH3 emissions, the CO2 emissions peaked on the first day,
decreased up until day 10, and then remained stable until the end of the measurements for
all treatments. Over the whole measurement period, no statistically significant differences
were found for the emission rates between the treatments for any given day. However,
the cumulative emissions significantly differed between Eifelgold and Biolit (p < 0.01),
and Eifelgold and the control (p < 0.01) (Table 3). The accumulated CO2 emissions were
380.95 mg for Biolit, 408.35 mg for the control, and 450.63 mg for Eifelgold. In contrast to
NH3, the crust formation did not reduce CO2 emissions. There was a slight coincidence
between the background temperature and CO2 emissions, that was most pronounced
within the first 10 days.

3.2. Total Greenhouse Gas Emissions

When emissions were summed up as total greenhouse gas (GHG) emissions, compris-
ing CO2 and CO2 equivalents from CH4 and N2O emissions, Biolit and Eifelgold increased
total GHG emissions (+41% and +161%, respectively) in comparison to the control treat-
ment (Table 3). NH3 was not considered since its contribution to total GHG emissions is
negligible [42,43].

3.3. Slurry Physicochemical Properties

Physicochemical properties of the slurry before and after the treatment are shown
in Table 4. The pH of all slurries increased over the course of the trial and was slightly
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higher for the two rock powders, with Eifelgold being 0.1 pH unit higher than Biolit. The
organic matter content decreased in all slurries in the order Biolit > Eifelgold > control.
Besides the reduced slurry crust, the rock powder slurries also appeared to be more liquid
and flowable. Total N and NH4+-N after the emission trial were higher for the two rock
powders than for the control. All macro- and micronutrients increased in the slurries
after the 46 days. All nutrient contents were higher in the rock powder treated slurries,
whereas overall nutrient release was higher for ‘Eifelgold’. The major nutrient increases are
shortly outlined: Potassium (K) increased by 36% for Eifelgold; magnesium (Mg) increased
by more than 200% for both rock powders; calcium (Ca) increased by 72% for Biolit and
103% for Eifelgold; copper (Cu) increased by 39% for Biolit and by 112% for Eifelgold;
manganese (Mn) increased by almost 250% for both rock powders; and zinc (Zn) increased
by about 25%. For sodium (Na), a drastic increase of 533% occurred for Eifelgold, whereas
it increased by 24% through Biolit.

Table 4. Summary Physicochemical properties of the slurry before and after the trial.

Before Trial After Trial

Control Eifelgold Biolit

Dry residue (%) 7.5 7.4 12.2 11.8
Water content (%) 92.5 92.7 87.8 88.2

pH 7 7.4 7.6 7.5
Organic matter (kg/cbm) 56.3 50.1 48.6 48.1

Total N (kg/m3) 3.32 2.15 2.56 2.25
NH4-N (kg/m3) 1.75 0.56 0.87 0.712
P2O5 (kg/m3) 1.28 1.45 1.68 1.59
K2O (kg/m3) 3.93 4.49 6.12 4.57
MgO (kg/m3) 0.77 0.89 3.16 2.67
CaO (kg/m3) 1.5 1.73 3.52 2.98

S (kg/m3) 0.35 0.39 0.422 0.411
Cu (g m3) 1.78 2.08 4.43 2.89
Zn (g/m3) 9.83 11.5 14.3 14.9
Na (g/m3) 116 146 925 181
Mn (g/m3) 16 19 67 66

C/N (kg/m3) 9.8 13.5 11.0 12.4

4. Discussion
4.1. NH3 Emissions

Our results do not support the hypothesis that rock powders may reduce NH3 emis-
sions from cattle slurry. On the contrary, for the rock powder treatments NH3 emission
rates increased at the end of the trial, which coincided with a reduction in the floating
crust. Reduced NH3 emissions through floating crusts has been reported by several other
authors [44–46]; importantly, however, overall emission differences were small and cumula-
tive emissions did not differ significantly to each other. In the literature, the only significant
NH3 reductions with rock powders that we found were by [13,14], who treated solid cattle
manure with >8% w/w ‘Eifelgold’, the same rock powder we also tested. However, their
measurements only lasted for 3 days after field application. Similarly, reduced NH3 emis-
sions were reported in the first days by [11,16], who measured chicken manure mixed with
higher rock powder additions in the range of 12–20% w/w. Importantly, after the initial
NH3 reductions with rock powders, they found increased NH3 emissions in the subsequent
weeks for the rock powder treated manures, which eventually resulted in non-significant
differences between the treatments at the end of the measurement period (120 days for [11]
and 29 days for [16]. Although there is longstanding evidence for NH4

+ adsorption to
rock surfaces [47], there are several potential reasons why no significant NH3 reductions
occurred. First, there are rock- and mineral-dependent differences in the adsorption ca-
pacities related to cation exchange capacity (CEC) and other specific properties related to
structure. For example, the CEC of zeolite (clinoptilonite) can be two orders of magnitude
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higher than that of an equally fine-grained basalt [15]. Second, there are other cations
competing with NH4

+ for adsorption sites, particularly K+, for which the amounts in our
slurries were four to six times higher than NH4

+, thereby likely decreasing adsorption
places. This was also reported by [15], who found that basalt powder placed in an exhaust
air stream reduced NH3 emissions from manure, whereas it slightly increased emissions
when directly mixed with the manure. This was associated with cation competition for
adsorption sites and a slight pH increase in the manure [15]. Besides NH4

+ adsorption
and the effect on pH, additional NH3 emissions could occur in the rock powders slurries
due to their higher NH4

+ contents, which likely derived from increased organic matter
mineralization (see next section).

4.2. CH4, CO2, and N2O Emissions

Unexpected and hitherto unknown increases in CH4 emissions occurred for rock
powder treatments. Higher CH4 emissions and stronger decomposition of organic matter
suggest increased microbial activity due to the rock powders. Microorganismal growth is
often nutrient-limited [48–50], and studies that analysed rock powder additions to compost
found higher metabolic activity and functional diversity of microorganisms [51]. Accord-
ingly, [52,53] showed that specific minerals attract specific bacterial communities and are
thus more than an inert matrix for bacterial growth. This agrees with the recently estab-
lished ‘mineralosphere’ concept, which suggests that the mineral-specific physicochemical
properties and its inorganic nutrient supply support selective microbial colonization [33].
One factor for higher CH4 emissions from ‘Eifelgold’ treatments could have been the
substantially higher release of Na, which is known to have effects on methanogenic bacte-
ria [54,55]. Furthermore, emission curves equalized towards the end of the trial. Further
research is needed to analyse whether emission curves would further adjust or even
decrease for Eifelgold.

In contrast to CH4, CO2 emissions did not differ significantly for the treatments, even
though the stronger decomposition of organic matter in the rock powder treated slurries
would have suggested a concomitant increase in CO2. Possible reasons for less pronounced
differences in CO2 emissions are that CO2 is better buffered than CH4. The bicarbonate
buffer system as well as carbonation with other cations like Ca+ and Mg+ can buffer CO2
emissions, whereas such pathways do not exist for CH4 [56,57]. Peaks in CO2 emission on
the first day were likely due to the stirring and a concomitant oxygenation, resulting in
higher aerobic microbial respiration.

N2O formation requires oxygen and is typically very low in the mostly anoxic
slurry [56,58]. However, slurry surface crusts can contain a mosaic of anaerobic and
aerobic micro-sites that favour N2O production [38]. This agrees with our findings, where
increased N2O emissions correlated with the formation of a slurry crust, and also with
earlier studies that found higher N2O emissions when a surface crust was formed [38,46,59].

The mixing of the rock powder treatments before the trial started could have had
an additional effect on slurry properties and emissions. However, the slurry used for all
treatments was mixed for 40 min with a tractor-powered rotor in the slurry underground
storage prior to collection, and so the 1.30 min mixing of the rock powder slurries with a
hand-mixer likely did not substantially influence slurry properties and emissions.

4.3. Physicochemical Properties

The slurry pH increase over the experiment was consistent with recent findings by [37]
and is related to the decomposition of organic matter and organic acids in the slurry, and
the release of CO2 [37,56]. A slightly higher slurry pH was found for the two rock powders
than for the control, which was expected due to the H+ buffering capacity of the rock
powders [30]. The higher Ca and Mg contents (Table 4) of Eifelgold could be related to the
slightly higher pH (‘liming’) effect. The lower organic matter content of the rock powder
slurries correlated with their lower crust formation and could potentially be related to
increased microbiological activity indicated by the higher CH4 emissions. Despite higher
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NH3 emissions, and for unknown reasons, total N and NH4
+ were higher in the rock

powder-treated slurries.
The substantial nutrient release of the rock powders in the slurry is a relevant finding,

since their dissolution rates are typically very low and are a major bottleneck to their
usage [19,30]. The fine particle size of the rock powders (Table 1), and organic acids and
microorganisms in the slurry likely contributed to the high nutrient release [31].

The nutrient release of the rock powders agreed with their mineralogy (Table 2). For
the release of elements from a rock powder, not only the content of the respective element is
of importance, but particularly the weathering rate of the mineral with which the element
is associated [30]. Overall, the higher nutrient release of Eifelgold agreed with its higher
content of fast weathering minerals such as Pyroxene, Olivine and Leucite [60,61]. The
importance of the mineralogy was particularly evident for sodium (Na), for which the
bulk content was higher in Biolit, although the Na release into the slurry was substantially
higher in Eifelgold. This likely occurred since Na in Biolit was more associated with the
slow-weathering mineral albite (Na-endmember of the plagioclase series), whereas Na in
Eifelgold was richer in the mineral anorthite (Ca-endmember of the plagioclase series),
which has very high weathering rates [61,62]. Furthermore, traces of Na in Eifelgold
could have occurred in the minerals pyroxene and leucite [30], both of which have higher
dissolution rates than albite.

Importantly, the low solubility of rock powders compared to synthetic fertilizers is
a major bottleneck for their efficiency. The substantial release of nutrients in the slurry
could have important implications for future practices, since it constitutes a practical way
to improve the rock powder’s solubility, which could be employed across various farming
scales and regions. Agreeing with our findings, mixtures with other organic materials
such as compost or manure have been shown to equally increase nutrient release from
rock powders in [31,51], yet they did not measure NH3 and GHG emissions, which are a
crucial aspect for overall sustainability. Furthermore, pasture deficiencies of Na, Mg, Ca,
and several micronutrients have been repeatedly reported [63–65]. Thus, the increased
basic cation and micronutrient contents in the SRP slurry can be agronomically important.
Nevertheless, the very high release of Na in the Eifelgold slurry must be further assessed
and considered critically.

4.4. Limitations

A statistical analysis of the physiochemical measurements before and after the ex-
periment was not possible since the measurements were conducted without replicates.
Furthermore, although our alteration of the standard chamber measurement design yielded
reliable relative emission data, future trials should incorporate larger vessels so that the
emitting surface to box headspace ratios becomes smaller. Future studies should conduct
a more comprehensive macro- and micronutrient analysis of the rock powder-amended
slurry, particularly to include other heavy metals and silicon (Si). Si is gaining increased
agronomic attention since it can induce a broad spectrum of biotic and abiotic stress resis-
tance in plants [66,67]. Concomitant microbiological measurements of anaerobic bacteria
and of methanogens would also be interesting to gain additional insights about biogeo-
chemical interactions.

5. Conclusions

We analysed some of the major and hitherto unexamined claims regarding the mixture
of rock powders with cattle slurry and found agronomically and environmentally conflict-
ing results. NH3 and N2O emissions did not differ significantly between the treatments up
until the end of the trial, when rock powders led to a practically desired reduction of the
floating crust that however coincided with increased NH3 emissions and decreased N2O
emissions. We found that rock powders significantly increased previously neglected CH4
emissions while CO2 emissions were unaffected. Macro- and micronutrients were released
from the rock powders into the slurry, which could markedly increase their efficiency as a
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soil amendment. Mixing globally abundant rock powders from the mining industry with
organic materials could yield a practical and low-cost multi-nutrient fertilizer, which bears
particular potential for tropical countries with highly weathered soils, where commercial
fertilizers are often not affordable or accessible. Overall, however, it remains a challenge to
conclude whether rock powders should be mixed with slurry, because effects are diverse,
and our experiment is, to the best of our knowledge, the first peer-reviewed study in
this field. Necessarily, the next steps must be additional studies with various slurries to
substantiate or challenge our findings, to inform discussions about slurry treatments, and
to better understand the involved biogeochemical mechanisms.

Eventually, slurry management is at the core for overall farm health and must therefore
not, regardless of its importance, be reduced to NH3 emission abatement. Therefore, we
propose that slurry treatments must be holistically evaluated in a transdisciplinary dialogue
between science and farmers.
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Figure A2. Eifelgold slurry at day 42, surface mostly liquid and no crust formation visible. 
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