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• Plant growth in artificial soil has de-
rived K from potassium feldspar as well
as mica.

• Use of mica (phlogopite) as a source of
K gives response similar to KCl control.

• The observed growth response in both
cases increases with increasing mineral
dose.

• K content in plant tissue increases with
dose, and confirms a mineral source for
K.

• The results highlight the potential of
feldspar, in syenite rock, as a source of
K for tropical soils.
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The availability of K, essential for plant growth, from syenite (a silicate rock in which potassium feldspar is the
dominantmineral; N90wt%), and phlogopitemica has beendemonstrated using carefully designed plant growth
pot experiments in which the only added source of K was the mineral of interest, with no loss of nutrients
through drainage. Using pure quartz sand as a soil, both growth (increase in diameter) of leek plants and K-con-
tent of the plant material showed a dose-dependent positive response to the application (114–43000 mg K/pot)
of milled syenite with increases in plant diameter of 0.5–0.7 mm/week, increasing with application rate. Phlog-
opitemica (114–6000mgK/pot) supported the highest observed increase in diameter (approx. 1mm/week) and
plant K-content, both similar to that observed for a positive control (KCl). These experiments demonstrate that
plants can obtain K for growth frommilled syenite, inwhich feldspar is the dominant K-bearingmineral, and con-
firm previous observations that micas can be an effective source of K.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
For healthy growth, all plants require a range of major and trace
nutrients. With the exception of nitrogen, the ultimate source of all
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Table 1
Chemical composition of mineral materials used in the experiments. The three syenite
samples are replicates of the material used.

wt% Phlogopite Syenite 1 Syenite 2 Syenite 3 Sand

SiO2 41.97 62.55 62.60 62.77 98.89
Al2O3 9.54 16.26 16.30 16.40 0.13
Fe2O3 9.05 2.81 2.81 2.80 0.26
MgO 24.16 0.69 0.70 0.72 0.23
CaO 0.62 2.11 2.16 2.15 0.03
Na2O 0.02 1.50 1.52 1.52 n.d.
K2O 10.2 12.78 12.79 12.70 0.019
TiO2 0.18 0.31 0.31 0.33 0.031
MnO 0.04 0.07 0.07 0.07 n.d.
P2O5 0.12 0.19 0.20 0.20 0.012
LOI 3.82 0.50 0.35 0.33 0.13
Total 99.85 99.75 99.81 99.98 99.71
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nutrients is the geological mineral assemblage that occurs within a soil.
The function of soilminerals varies,with (for example) congruent disso-
lution of apatite providing P, and cation exchange on clay surfaces con-
trolling K and N (as ammonium) within the soil solution.

This paper focuses on the availability of K for plant growth, and dem-
onstrates for the first time that K is available for plant growth when po-
tassium feldspar (KAlSi3O8) is the dominant source of K in a soil.
Potassium feldspar occurs widely in (especially temperate) soils, yet is
regarded as inert on the timescale of crop production given its slow
rate of dissolution as determined in the laboratory and low K yields in
conventional laboratory tests of K availability (Harley and Gilkes,
2000; Manning, 2010a;White and Brantley, 1995). Other widely occur-
ring potassium silicate minerals include micas, which have long been
known to act as sources of K through cation exchange and weathering
reactions (Sparks and Huang, 1985; Mohammed et al., 2014). Similarly,
there is long-standing evidence that nepheline-bearing rocks (including
nepheline syenites; nepheline is also an aluminosilicate mineral, a
feldspathoid) may be effective as sources of K for plant growth (Ciceri
et al., 2015). Conventionally, potassium fertilisers are based on soluble
salts, derived from the natural mineral sylvite (KCl) or sulfates such as
polyhalite (K2SO4·2CaSO4·MgSO4·2H2O) and carnallite
(MgCl2·KCl·6H2O).

Globally, inputs of K to soils from all sources (including crop resi-
dues) are much less than the amount removed through the harvesting
of crops (Sheldrick et al., 2002). Nutrient balance studies show that if
this deficit was an accurate representation of the need for K to support
crop growth, then the requirement for supplementation with K would
be far greater than the need for P or N, which more often are in balance
(Sheldrick et al., 2002). Indeed, if all K removed annually by crops had to
be replaced to fill the ‘potash gap’ (Manning, 2015), world mined pro-
duction of potashwould need to double. The ability ofmany soils to sus-
tain reasonable yields without annual supply of K thus indicates that
their content of plant available K may be replenished from sources al-
ready present in the soil (Mohammed et al. 2014).

At present, global production of K fertilisers is about 33.5 million
tonnes K2O equivalent annually (Jasinski, 2014), typically mined from
deposits of natural K chloride and sulfate salts, some of which contain
other nutrients. 99% of world potash is mined from just 12 countries,
dominated by Canada (Rittenhouse, 1979), and whole continental re-
gions have insignificant (e.g. Africa, Australasia), or low production
(e.g. South America). The price of K fertilisers reached US$1000/tonne
in 2009 (Manning, 2010a), reducing to US$350–400/tonne more re-
cently. In addition to paying the commodity price and for value added
during processing, farmers must pay high associated transport and dis-
tribution costs. Additionally, K from sources such as KCl is highly soluble
and can be rapidly lost through leaching, so (depending on the soil) it
may need to be replaced for every growing season.

To supply the K required for crop growth it is therefore important to
consider novel inputs in addition to conventional sources, given con-
straints on price and availability. K silicate minerals including feldspar
and mica contain up to 16 wt% and 11 wt% K2O respectively, and have
been used in a number of studies (Ciceri et al., 2015). In particular,
Leonardos et al. (1987) present a convincing case for the use of silicate
minerals as sources of K for deeply weathered tropical soils, where
leaching of conventional salt-based fertilisers often removes nutrients
even before they can be used by the growing plants. But although
some trials have given positive results (e.g. Bakken et al., 1997, 2000;
Sanz-Scovino and Rowell, 1988; Mohammed et al., 2014; Manning,
2010b), other trials have failed to do so (e.g. Bolland and Baker, 2000;
Harley and Gilkes, 2000; Hinsinger et al., 1996), and the generally low
price, historically, of conventional K fertilisers has reduced the need
for alternatives.

A critical aspect of the use of novel sources of K is the unambiguous
demonstration that K within a plant is derived from a known source. In
this paper, we report the design and results of experiments inwhichwe
show that K can be derived from (a) milled syenite rock in which
potassium feldspar is present as the dominant K-bearing mineral, or
(b) mica (the mineral phlogopite). We believe that this is the first
time that K availability from a feldspathic rock to plants has been dem-
onstrated experimentally, and our results support the future design and
use of silicate minerals as fertilisers particularly in deeply-leached trop-
ical soils in which oxide minerals predominate.
2. Materials and methods

Plant growth experiments were carried out using closed system pot
trials in which there was no through drainage that would permit un-
known loss of nutrients from the pot, and inwhich the dominant source
of Kwas the silicatemineral of interest. An artificial soil was used, based
on a high purity silica sand (‘Sibelco RHT’: N99% quartz and N99% 125–
710 μmgrain size, www.sibelco.eu), whichwasmixedwith 20% organic
matter (Irish moss peat – fine, Recipe no 822, East Riding Horticulture,
www.eastridinghorticultureltd.co.uk) by volume, corresponding to ap-
proximately 3% by weight and adding potentially 4–8 mg K (based on
supplier's specification) equally to each pot. The K sources were syenite
(12.8% K2O) supplied by Terrativa SA (Belo Horizonte, Brazil) and
phlogopite mica (10.19% K2O) supplied by LKAB minerals (product
PD900; www.lkabminerals.com). The syenite was supplied milled, and
the phlogopite was supplied as flakes (approx. 5 mm or less) and was
milled using a TEMA mill prior to use. Both were sieved to b0.150 μm.
The chemical compositions of the materials used (Table 1) were deter-
mined by X-ray fluorescence spectroscopy using a Panalytical PW2404
wavelength-dispersive sequential X-ray spectrometer (School of
Geosciences, Edinburgh University). Major elements were determined
on fused glass discs, 40 mm-diameter, prepared from approximately
0.9 g of sample powder mixed with 4.5 g lithium metaborate flux and
fused in Pt-5%Au crucibles at 1100 °C. Mineralogically (based on petrog-
raphy), the syenite is composed of N90% K-feldspar (microcline), with
b10 wt% each of pyroxene, amphibole and accessory minerals, all of
which are K-free, and biotite. X-ray diffraction (Supplementary materi-
al) did not detect biotite (or any othermica) in the syenite used in these
experiments; this techniquewould normally detect the (001) reflection
of micas at N1 wt%.

In addition, the particle size distribution of the materials used was
determined using a Malvern Mastersizer 2000 (Malvern Instruments
Ltd., Malvern, UK); the results show 90% of the milled syenite was
b150 μm, and 90% of the milled phlogopite was b60 μm (Supplementa-
ry material; Fig. S2). Particle surfaces were observed using a Carl Zeiss
SIGMA HD VP Field Emission scanning electron microscope combined
with anOxford AZtec EDX-ray analysis system to confirmmineral iden-
tification (School of Geosciences, Edinburgh University).

Characterised by ourselves, these commercialmaterialswere chosen
to ensure (as far as possible) use of tightly specified materials that are
available from commercial sources for future experiments or commer-
cial use.
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There were ten different K treatments (Table 2): four different doses
of milled syenite, 3 doses of phlogopite, 2 doses of KCl and a K-free con-
trol treatment, eachwith ten replicates (pots). Each 13 cmpotwith 1 kg
capacity was labelled with a 3-digit code obtained from a random num-
ber generator, arranged in a randomized design, giving a total of one
hundred pots.

Leek (Allium ampeloprasum L. var., ‘Oarsman’ F1 (A.L. Tozer Ltd.,
www.tozerseeds.com)) was chosen as the trial plant. Its growth as a
sheaf of concentric leaves (Hay and Kemp, 1992; Tsouvaltzis et al.,
2010) allows periodic measurement of the increase in diameter, facili-
tating measurement of growth without killing the plants to determine
biomass. Leek seeds were sown in moist compost in a greenhouse
three months before starting the trials, and were watered by hand
twice a week to deplete the stores of potassium and other nutrients.
The seedlings were carefully rinsed with tap water to remove as much
compost as possible from the roots, and then wrapped in paper towel
to absorb excess water. Plants were sorted according to size in 2 groups
(small and large), and two seedlings were selected for each pot, one of
each size, pairing the largest plants with the smallest plants tominimise
variation in combined size. The diameter, height, and weight were re-
corded before being planted in the pot. Each pot was placed on an indi-
vidual saucer to prevent transfer of water or nutrients from one pot to
the other, and thepot experimentwas carried out in anunheated green-
house for a period of 10 weeks, between April and July, providing a soil
temperature regime representative of subtropical or tropical regions.

Once a week, each pot was provided with 200 ml of a K-free
Hoagland's nutrient solution containing all required nutrients except K
(modified from Johnson et al., 1957; Supplementary Information Table
S1).

A constant water tension was applied to each pot by supplying de-
ionized water through a capillary irrigation system (Hydrospike HS-
300; www.hydrospike.com), which ensured that the water availability
would be appropriate for plant growth under field conditions irrespec-
tive of the composition of the soil (Thorup-Kristensen 1994). This irriga-
tion system involved a ceramic spike positioned into the soil in each pot,
attached by a watering tube to a water reservoir placed approx. 60 cm
below the pots. The surface of the reservoir was allowed to recede by
no N10 cm by refilling to initial height at least once every week. The
water in the reservoir was replaced once every month to prevent
growth of algae, which may clog the tip of the watering tube. With
this system the moisture condition was identical for all the treatments,
irrespective of differences in water use by plants of different sizes
(Thorup-Kristensen 1994), and there was no through drainage.

The diameter of each plant 1 cmabove the soil surfacewasmeasured
weekly, using a digital caliper (Mohammed et al., 2014). The increase in
plant diameter since planting was calculated by subtracting the initial
diameter (T0) from each of the subsequent measurements (Tn). Signs
of nutrient deficiency in the leaves, such as yellow leaves and chlorosis,
were recorded.
Table 2
Application rates of K fertilisers used in the pot trial
experiment.

g mineral/pot mg K/pot

Syenite (12.8% K2O)
406 43,000
56.8 6000
7.87 830
1.08 114

Phlogopite (10.2% K2O)
71.0 6000
9.84 830
1.35 114

KCl (63% K2O)
0.22 114
0.11 57.0
After 10 weeks, thewhole plants were harvested and the roots were
washed gently to remove soil particles, excesswaterwas removedusing
paper towels. The shoots and roots were placed in separate aluminium
trays, dried in an oven at 65 °C for 4 days and the dry biomass recorded.

After 2 h additional drying (to facilitate milling), the dried samples
were ground in an electric coffee mill. Dried shoots from the two plants
from each pot were combined into one sample per pot. Approximately
2 g of ground plant material per sample was then analysed for K, Na,
Ca andMg. The dried samples were digested in amixture of concentrat-
ed HNO3 and HCl (1:2). Element concentration in the acid digest was
determined after suitable dilution for each sample by atomic absorption
spectrometry (Varian SpectraAA-400). Chive (Allium schoenoprasum L.;
WEPAL-IPE sample 111, Wageningen University) was used as a plant
reference material, to verify the accuracy of the analysis. The K content
of the referencewas found to be 21.1 g/kg (n=3; standard deviation=
0.7 g/kg) compared to the declared consensus value of 22.6 g/kg (n =
128; standard deviation = 1.36 g/kg).

For statistical analysis, the trial had one factor: fertiliser. There were
ten fertiliser treatments, including the controls, each with 10 replicates
and ten sampling times. The plants in 11 pots (0–3 in each treatment)
appeared to be affected by disease, which resulted in very low biomass
(b30% of the average within the treatment), the data from these pots
were treated as outliers and omitted from the statistical analysis.
Growth rate was calculated for each plant as the slope of the change
in diameter across all 10 weeks if R2 N 0.85 (this was fulfilled for one
or both plants in all pots with healthy plants). The offtake was calculat-
ed as the K concentration in foliage multiplied by the foliage dry mass
per pot (since the amount of rootmaterial was insufficient formeasure-
ment of K). The results were tested by analysis of variance (ANOVA)
usingGeneral LinearModels inMinitab 17 Statistical software, assessing
for normal distribution and considering p-values b 0.05 significant.

3. Results and discussion

The observed increase in leek diameter depended on the mineral
treatment. It was greatest for the positive control containing KCl, and
for the treatment containing phlogopite mica 6000 mg pot−1 (Fig. 1).
Treatment with different amounts of syenite gave results between the
negative control and the positive control, with the change in diameter
increasing with greater application rates (R2 0.23, p b 0.0008).

For all treatments an increase in the diameter was observed,
reaching a maximum at the end of the experiment (Fig. 1). Plants
were able to mobilise K from both syenite and phlogopite, showing
increased rates of growth compared with the negative control for all
Fig. 1. Variation in the plant diameter over a period of 10 weeks in the pot trial for the
nepheline syenite and phlogopite mica. Data are the mean value of 10 replicates. Error
bars represent 1×SEM.

http://www.tozerseeds.com
http://www.hydrospike.com


Fig. 3. K concentration in leek plants for different treatments with silicate minerals. Error
bars 1×SEM; Tukey Pairwise Grouping indicated by a, b.
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but the lowest applications (Fig. 2). The phlogopite treatment gave re-
sults similar to the KCl control, as observed in other studies using
micas (Mohammed et al., 2014). Importantly, the growth rates for the
treatments with syenite were significantly (p b 0.00001) correlated
(R2 = 0.3179) with the log of the syenite dose, and, the rates for the
treatments with 830, 6000 and 43,000 mg K/pot were statistically dif-
ferent from the negative control (p b 0.007, p b 0.001 and p b 0.001 re-
spectively), demonstrating that some of the K from the syenite was
available for uptake by plants.

When considering the K concentration in the plant (Fig 3), signifi-
cant differences were seen between treatments. K concentration in
the treatment with maximum dose of syenite was higher than the neg-
ative control (p b 0.001), and proportional with syenite dose across all
treatments (R2 0.797, p b 000001). The phlogopite mica treatments
(with the exception of the lowest dose treatment; p N 0.6) differed
from the negative control. The K concentrations for the maximum
dose of syenite and the KCl treatment were not statistically different
(p b 0.9). In the maximum dose for the phlogopite mica, the K content
was much greater than all other treatments of syenite and phlogopite
mica, and greater than observed for the KCl treatment (p b 0.01).

Calculation of offtake (plant K concentration x dry mass; Fig. 4)
again shows clearly that K was taken up from syenite treatments; it
also shows for all treatments that no K was released from other
sources than the added minerals, as applications of K were never
exceeded by offtake. A comparison of Figs. 2 and 4 demonstrates
that growth was completely inhibited for treatments that provided
b8 mg plant-available K per pot (negative control, and the lowest
dose of syenite and phlogopite, respectively), while treatments pro-
viding 8–29 mg per pot showed partial K-limitation, and the growth
in remaining treatments was unaffected by K-availability within the
timescale of the experiment. Sufficient K was present in the negative
control and lowest dose applications of syenite and phlogopite to
give offtake of approximately 8 mg K/pot; this is consistent with
the availability of K from the peat compost added in identical quan-
tity to each pot, but may also reflect the K present within the plant
following initial growth in compost prior to planting in the trial pots.

The results described abovewere obtained from experiments that
lasted only 10weeks, so while they demonstrate that the plants were
able to access some K from milled syenite to sustain growth, and
equally clearly demonstrated that large amounts of syenite had no
toxic effects on the plants, they did not allow assessment of the
rate of degradation of the syenite beyond what may be the contribu-
tion from an accessible surface layer or the fine particles that coat
grain surfaces, both created by mechanical impact during the milling
Fig. 2. Effect of crushed rock treatments on rate of diameter increase for leeks over ten
weeks. Errors bars represent 1×SEM; Tukey Pairwise Grouping indicated by a, b, c.
process. Fig. 5 shows SEM images of feldspar surfaces before and
after the 10-week growth experiment with 43,000 mg K/pot added
as syenite. In these, cleavage steps are clearly visible as are micro-
pores naturally present within the mineral. The feldspar surface is
coated with particles b1 μm, and overall there is little visible change
in appearance (apart from reduction in the coverage by fine parti-
cles), consistent with the short time for reaction. The amount of K re-
moved by plants from the soil as offtake was equivalent to 0.1–0.2%
of the added syenite, which is consistent with the observation of lit-
tle change in grain surface appearance.

The process of release of K from feldspar, the dominant mineral
within the syenite, and mica differs. In micas, the crystal structure con-
sists of layers of negatively-charged aluminosilicate sheets with cations,
such as K, in the interlayer site. When in soils, the micas weather with
the release of K as a consequence of cation exchange reactions
(Hinsinger et al., 1993; Singh and Goulding, 1997; Sparks and Huang,
1985). Vermiculite is produced as a consequence of weathering in
soils of magnesium-bearing micas. The feldspars have a structure with
a 3-dimensional network of Si and Al coordinated tetrahedrally with
Fig. 4. Amount of K removed from the soil by plant growth (offtake); Tukey Pairwise
Grouping indicated by a, b, c, d, e and f.



A) feldspar surface before plant growth B) feldspar surface after plant growth

Fig. 5. Surfaces of potassium feldspar grains from leek growth experiments, 10 weeks duration; 43,000 mg K/pot added as syenite. A) feldspar surface before plant growth. B) feldspar
surface after plant growth.
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oxygen. This structure has to be destroyed to permit release of K to the
soil solution.

In comparison with these experiments, on a longer timescale feld-
spars that have been exposed to soil processes become corroded, as is
evident from grains sampled in the field (White and Brantley, 2003;
Mol et al., 2003). Such observations confirm the instability of feldspar
within the natural soil system, and thus the potential for sustained re-
lease of K, which would then become available for uptake by plants.

It is important to bear in mind that the mineral application rates
were chosen for the explicit purpose of experimentally testing the avail-
ability of K from a silicate-mineral sourcewithin a relatively short time-
scale, and are not intended to lead to recommendations for rates of field
application. However, the implications of this research for fertiliser de-
sign are significant. We believe that this is the first time that an experi-
ment has been carried out where care was taken to ensure that the soil
was free of potassiumminerals, or other sources of K., other than what
was added as a treatment. Normally, feldspars and potassic clays/micas
occur widely within soils developed on a silicate parent rock, especially
in temperate climates where physical weathering dominates over
chemical weathering.

For silicate minerals to be used as a source of K (and perhaps other
nutrients), it is important that the mineralogical composition of the
host soil is known, and that this is combined with an understanding of
the weathering regime. Addition of a K-feldspar to a temperate soil
that already contains K-feldspar, as is common in soils derived from gla-
cial till or developed on granite in northern Eurasia or North America,
may not give a response. In contrast, addition of K-feldspar (in syenite
or other silicate rocks) to a deeply weathered tropical soil that is domi-
nated by oxy-hydroxides and clays such as kaolinite, is more likely to
succeed. In such soils feldspar has already been consumed by
weathering. Clearly, experiments of longer duration than 10 weeks
and that use appropriate soils and crops would be needed to test this
further. Additionally, the response observed in these experiments,
whichused an artificial sandy soil, suggests that feldspar andmica-bear-
ing rocks may be useful as sources of K in temperate sandy soils that
have very low K contents, consistent with results reported by
Mohammed et al. (2014).

The research confirms the long-established finding that biotite or
phlogopite micas are able to deliver K to plants. Under the conditions
and duration of the present experiment, the plant response from phlog-
opite was approximately 10% of that of treatments with KCl, since for
the KCl treatments the offtake was approx. 40% of the total added K,
while 4% of the 830 mg K per pot added as phlogopite was taken up
into the plant tissue (other phlogopite treatments providing either too
little or too much to include in the comparison). This is consistent
with the ability of such micas, as they weather, to influence the K con-
tent of the soil solution by cation exchange. Our experiments emphasise
how future longer-term experiments must be designed to address the
importance of a conceptual model (Sparks and Huang, 1985,
Holmqvist et al. 2003) for the availability of K, with fixed K in feldspar,
exchangeable K in mica (and vermiculite), and available K in solution
(as provided by the dissolution of KCl and other K salts), and to apply
this model to deeply weathered tropical soils.
4. Conclusions

Carefully designed pot experiments have been carried out to define
the conditions for testing the ability of milled syenite, dominated by
the mineral K-feldspar, and milled phlogopite to provide the K needed
for plant growth. In these experiments, the only source of K was the
treatment. The response of the experimental plant, leek, was propor-
tional to the application rates, both for growth rate and K content of
the leaves. These results show that phlogopite is predicted to be a suit-
able source of K in soils inwhich K-containing silicates are absent, a con-
dition that holds widely in deeply weathered soils in tropical regions.
This may also be the case for syenite and other feldspar-bearing silicate
rocks although with a lower initial plant response per g K supplied,
however with the expectation that remaining feldspar will continue to
release K during a much longer period. In tropical regions with deeply
weathered soils, and in temperate soils where K is rapidly removed by
through drainage, fertilisers based on silicateminerals should be consid-
ered as sources of K.
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