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Abstract

Polyhalite is a multi-nutrient mineral ore containing potassium (K), calcium (Ca), magnesium
(Mg) and sulphur (S). Historically, it has enjoyed minor use as a fertilizer, but the opening of a
new mine in the UK will make larger quantities available. Therefore, an examination of the
performance of crops fertilized with polyhalite, or selected commercial alternatives, was per-
tinent and is reported here.

Four field trials were carried out between 2013 and 2016 to investigate the response of win-
ter barley (Hordeum vulgare L.) and forage maize (Zea mays L.) to different application rates
of polyhalite, potassium chloride (muriate of potash, MOP) and potassium sulphate (sulphate
of potash, SOP) fertilizers. Potassium and S nutrition were the focus of these trials as they
limit field production more often than Mg and Ca.

Polyhalite was found to be an effective source of both K and S for crop production. In three
out of four trials, application of polyhalite resulted in similar or greater K offtake compared
with both MOP and SOP; MOP application resulted in greater K offtake in one trial. In three
out of four trials, application of polyhalite resulted in similar or better S offtake compared
with both MOP and SOP; SOP application resulted in greater S offtake in one trial.
Polyhalite and MOP treatments produced similar total dry weight in all four trials, but
were slightly inferior to SOP treatment.

Introduction

Potassium is an essential nutrient in crop production that supports photosynthesis, protein
synthesis enzyme activity and water regulation. The effect of K on plant growth is well docu-
mented in terms of shoot growth, not least with respect to barley (Hagh-Jensen and Pedersen,
2003) and maize (Jordan-Meille and Pellerin, 2008). Potassium also can alleviate the effects of
water stress on crop production by improving crop water retention and disease resistance
(Salimi et al., 2012; Zain and Ismail, 2016).

Crop demand for K can be considerable, particularly from high yielding forage crops.
Salimi et al. (2012) showed that forage maize can remove 4.4 kg of K for every tonne of
fresh crop, suggesting that a forage maize yield of 50 t/ha will remove around 220 kg K/ha.
Ahmed (2014) reported that rapidly growing maize crops can remove as much as 6.6 kg K/
ha/day. To avoid depleting soils of this macronutrient, the K removed through crop offtake
is typically replaced through the application of fertilizers. The most common K fertilizer is
potassium chloride (KCl), also known as muriate of potash (MOP).

Global consumption of K is approximately 29 million tonnes per annum, and this is fore-
cast to grow to 31.5 million tonnes by 2022 (Rawashdeh et al., 2016). This demand is met by
multiple forms of K, originating from different evaporite minerals and manufacturing pro-
cesses, including MOP, potassium magnesium chloride (KMgCl;) and potassium sulphate
(K,SO,, also known as sulphate of potash or SOP). These forms of potash are favoured as
they have a higher K content compared with some other K minerals (Zientek et al., 2010).
However, the supply of these high-K, evaporite minerals is finite, therefore new sources are
required to meet predicted demand and support food production for the increasing global
population. This is a global issue because of the challenges of identifying and extracting
new K deposits (Cocker et al., 2016).

Sulphur is a macro element that supports the formation of plant proteins, amino acids, vita-
mins and enzymes and although not required in the same quantities as the other major ele-
ments, it is still essential to maximize crop yield. The need for S is increasing as
atmospheric deposition has decreased with the political impetus to reduce S emissions in
power generation (Ceccoti, 1996; Webb et al., 2016). Sulphur deficiency is increasingly com-
mon because of decreases in S deposition and increases in S offtake (Dick et al., 2008). In bar-
ley, Zhao et al. (2006) reported significant yield responses to S with increases of 0.2-1.2 t/ha
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with an associated improvement in malting quality, while in
maize, S deficiency has been reported in parts of the USA
(Camberato and Casteel, 2017).

Polyhalite is an evaporite mineral; a hydrated K, Ca, magne-
sium sulphate (MgSO,) salt with the chemical formula:
K,S04,.MgS0,.2CaSO,.2H,0. It was first described by
Stromeyer (1818) but the discovery of large, more easily-mined
deposits of other types of K mineral in Canada meant polyhalite
was not commercially exploited (Cocker et al, 2016).
Subsequently, there was little interest in polyhalite. However,
the discovery of large polyhalite deposits in North Yorkshire,
UK, has renewed interest in the material as a multi-nutrient fer-
tilizer. An assessment by Kemp et al. (2016) established a mineral
inventory of 2660 Mt polyhalite in Northeast England, UK. The
size and good grade of this deposit are sufficient to allow for min-
ing with no chemical processing required.

Polyhalite contains 113 g/kg K, 110 g/kg Ca, 38 g/kg Mg and
185g/kg S, and has lower salt index and solubility than for
MOP and SOP, respectively (Barbier et al., 2017). The low solubil-
ity of polyhalite means that it might be a useful, slow-release fer-
tilizer (Barbarick, 1991). The multi-nutrient nature of polyhalite
combined with these characteristics suggests that it might offer
advantages and synergies in comparison with more conventional
sources of either K or S.

Knowledge of how polyhalite performs as a fertilizer is limited
although some evidence is available. Fraps and Schmidt (1932)
examined its use as a fertilizer on maize and sorghum and
reported that availability to crops of K in polyhalite was 96% of
the availability of K in MOP and SOP. Lepeshkov and
Shaposhnikova (1958) reported that, for potato crops, polyhalite
was as effective as SOP; their results were confirmed by
Panitkin (1967). Boguszewski et al. (1968) stated that the fertilizer
value of polyhalite was equivalent to SOP plus MgSO,. More
recently Terelak (1975) reported that polyhalite was as effective
as MOP plus MgSO, for a range of crops. Mercik (1981) reported
that, for spring barley, polyhalite out-performed SOP and that it
provided an increase in plant Ca and Mg concentrations.
Barbarick (1991) evaluated polyhalite in glasshouse trials on
sorghum-sudangrass and reported its performance to be at least
as effective if not superior to SOP. They also conducted column
leaching studies and found it to be less soluble than SOP and sug-
gested that it behaved somewhat like a slow-release fertilizer.

Recent experimental work, prompted by the upsurge in inter-
est in polyhalite, has evaluated the performance of the material in
supplying K and S to a range of crops. In India, Tiwari et al.
(2015) found polyhalite to be an effective source of S that
improved the yield of mustard and sesame in comparison with
a control. Polyhalite was also found to be a good source of K in
peanut production in Vietnam (Hoang et al., 2016). Interest in
more staple arable crops was partly addressed by Pavuluri et al.
(2017) working on maize in Tanzania; their results highlighted
the importance of S nutrition and that polyhalite was a good
source of both K and S. How cereal and forage maize crops in
temperate conditions respond to polyhalite is unknown although
the available evidence suggests that its performance will be similar
to other sources of K and S. Addressing this question forms the
basis of the work reported here. Potassium and S nutrition are
the main focus as these are more often limiting nutrients in
field production than Mg and Ca (Clarkson and Hanson, 1980).
In commercial agriculture, Ca and Mg seldom limit the yield of
field-grown crops and their effects were not studied in the work
reported here.
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The aim of this study was to examine the performance of poly-
halite as a multi-nutrient fertilizer and to compare that perform-
ance with commercially available alternatives. This was achieved
by reporting the results of four field trials which examined the
response of winter barley and forage maize to different rates of
polyhalite and commercial alternatives.

Materials and methods

This study draws together the results from four different field
trials that shared a number of common features that included
location, low-K status soil, and inclusion of polyhalite, MOP
and SOP fertilizer treatments.

Site description

Field trials were conducted at the University of Warwick’s Crop
Centre located in Wellesbourne, Warwickshire, UK (52°11'N, 1°
35'W). The trials started in October 2013 and concluded in July
2016. The trial site is situated 45 m above sea level. The soil is a free-
draining coarse sandy loam of the Wick series containing 74% sand,
12% silt, 14% clay and 2% organic matter (Whitfield, 1973).

All the trials were conducted in the low-K status field known
as Wharf Ground. This field had been deliberately and systemat-
ically mined for K through the use of high biomass crops over a
number of years to provide a low-K environment in which
response to K fertilizers could be accurately assessed. The field
had not been cropped for the previous 5 years. Soil samples
were taken pre- and post-drilling and plant samples were taken
at harvest. Chemical analysis for the macro and micro nutrients
was undertaken by NRM Laboratories, Bracknell, UK. Analysis
for extractable P was by Olsen’s method (Olsen et al., 1954).
For K, Mg and Ca, the ammonium nitrate extraction method
was used (Ministry of Agriculture, Fisheries and Food, 1981).
Available sulphate was extracted from the soil under controlled
conditions, using a phosphate buffer extracting solution (Rowell,
1995); a filtered extract of the sample was analysed by
Inductively Coupled Plasma Emission Spectroscopy. More
detailed information of the analyses in the commercial laboratory,
e.g. the wavelengths used, is unavailable. The soil pH was mea-
sured potentiometrically using a suspension obtained by stirring
soil with water, with a ratio (soil to water) of 1:2.5 (Ministry of
Agriculture, Fisheries and Food, 1981). The results of the pre-
drilling soil analyses are provided in Table 1. Three out of the
four trials showed K values below 80 mg/l which suggested that
a positive response to K fertilizer would be expected. The excep-
tion was the 2014 maize (trial 3) where K soil concentrations were
unexpectedly high at 157 mg/] suggesting that little or no response
to K fertilizer would be expected.

Existing ground cover was predominantly poor grass which
was sprayed with glyphosate approximately 4 weeks prior to dril-
ling. Vegetation was allowed to die back, it was then mowed and
ploughed. Seedbeds were prepared using a power harrow.
Treatment fertilizers were incorporated pre-seedbed preparation
in trials 2 and 3 but were surface applied post-drilling in trials
1 and 4. Details on all fertilizer applications are provided in
Tables 2-4.

Experimental design and management

All four trials used a randomized blocked design, with each block
containing every treatment. Details of crop species, varieties,
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Table 1. Available soil nutrient concentrations and soil pH pre-drilling

Trial P (mg/l) K (mg/l) Mg (mg/l) Ca (mg/l) S0, (mg/l) pH
1 (Barley 2014) 29.7 79.0 109.7 1403 7.0 6.6
2 (Barley 2016) 18.9 53.8 91.0 1128 7.7 6.7
3 (Maize 2014) 36.0 157 157 1554 11.9 6.8
4 (Maize 2015) 34.7 75 132 1523 6.4 6.7

Table 2. Fertilizer treatments and time of application, for each of the four field trials

Trial 1 Trial 2 Trial 3 Trial 4
P,0s rate (kg/ha) - - 100 100
P,05 application - - 07/05/2014 08/05/2015
Main treatments 28/11/2013 09/10/2015 03/06/2014 01/06/2015
N rate (kg/ha) 100 140 100 100
N application 11/03/2014 05/04/2016 07/05/2014 08/05/2015
N application 24/04/2014 02/05/2016 07/06/2014 06/07/2015

Table 3. Treatments, trials 1 and 2 (winter barley): sources of applied K and S, quantities of K and S applied, and treatment names.

Quantities applied Treatment names
Sources of applied K and S K (kg/ha) S (kg/ha) Trial 1 Trial 2
Control, no K or S 0 0 C C
Polyhalite 41.5 68.4 PH1 PH1
Polyhalite 83 137.2 PH2 PH2
Trial 1 SOP; Trial 2 MOPG 41.5 18; 68 SOP1 MOPG1
Trial 1 SOP; Trial 2 MOPG 83 36; 96 SOP2 MOPG2
MOP 41.5 0 MOP1 *
MOP 83 0 MOP2 MOP2

C, control; PH, polyhalite; SOP, sulphate of potash (potassium sulphate); MOP, muriate of potash (potassium chloride); MOPG, MOP plus gypsum; *no treatment.

treatment replication, plot size, planting dates and harvest dates
Table 4. Treatments, trials 3 and 4 (forage maize): sources of applied K and S, are PI'OVided in Table 5.
quantities of K and S applied, and treatment names. Polyhalite was supplied by Sirius Minerals PLC (Scarborough,
UK) as granules with a size range of 2-4 mm and with an equiva-

iti [ T .
Quantities applied reatment names lent nutrient content of 116 g/kg K, 121 g/kg Ca, 36 g/lkg Mg and
192 g/kg S. The halite content was 3%. All other fertilizers were
Sources of O X

applied K and S K (kg/ha) S (kg/ha)  Trial3  Trial 4 obtained from commercial sources.
The series of four trials were designed to examine different
Control, no P, K or S 0 0 C C aspects of the performance of polyhalite as a fertilizer. Each
Polyhalite 1245 205.6 PH1 « trial contained a zero-K control which provided a baseline against
- which the fertilizer treatments could be compared. The fertilizer
Polyhalite 186.7 308.4 PH2 PH2 treatments comprised polyhalite, MOP, SOP and CaSO, (gyp-
SOoP 1245 54 SOP1 * sum) at different application rates. These treatments were
sop 186.7 812 SOP2 SOP2 designed to allow both crop response to individual fertilizers
N and comparative analysis across the different fertilizers to be
MoP 124.5 0 MOPL examined. Details of the treatments are provided in Tables 3
MOP 186.7 0 MOP2 MOP2 and 4. Within each trial, all the experimental plots received the
C, control; PH, polyhalite; SOP, sulphate of potash (K,S0O,); MOP, muriate of potash (KCl); same amount Of_N to ensure that the Crop response (tO K .and
*no treatment. S) was not restricted by a lack of N. The N rate was derived
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Table 5. Crop species, variety, planting and harvest dates, for each of the four field trials

R.D. Lillywhite et al.

Trial 1 Trial 2 Trial 3 Trial 4

Crop Winter barley Winter barley Forage maize Forage maize
Variety Florentine Glacier Ramirez ES Capris
Replicates 3 3 4 4

Plot size (m?) 36 54 12 13
Planting date 15/10/2013 13/10/2015 16/05/2014 13/05/2015
Harvest date 17/07/2014 20/07/2016 30/09/2014 30/09/2015
Harvest area (m?) 14 20 2 2

from the UK PFertilizer Manual RB209 (Defra, 2010); details of N
and non-treatment fertilizer applications are provided in Table 2.
In summary, the trials were designed as follows:

o Trial 1: Winter barley. This trial was designed to provide a dir-
ect comparison of three types of K fertilizers: polyhalite, SOP
and MOP. All plots received 100 kg N/ha as ammonium nitrate.

o Trial 2: Winter barley. This trial was designed to compare the
supply of K and S from polyhalite and MOP plus gypsum
(MOPG). All plots received 140 kg N/ha as ammonium nitrate
in spring.

o Trial 3: Forage maize. This trial was designed to provide a direct
comparison of three types of K fertilizers: polyhalite, SOP and
MOP. All plots received 43.7 kg P/ha and 50 kg N/ha (as mono-
ammonium phosphate + ammonium nitrate) as a basal dressing
and 50 kg N/ha (as ammonium nitrate) as a top-dressing.

o Trial 4: Forage maize. This trial was designed to provide a direct
comparison of three types of K fertilizers: polyhalite, SOP and
MOP. All plots received 43.7 kg P/ha and 50 kg N/ha (as mono-
ammonium phosphate + ammonium nitrate) as a top-dressing
immediately after drilling and another 50 kg N/ha (as ammo-
nium nitrate) as a top-dressing.

Treatments applied are detailed in Table 3 (trials 1 and 2) and
Table 4 (trials 3 and 4). The trials provide an examination of fertil-
izer efficacy (polyhalite v. MOP v. SOP), of crop (winter barley and
forage maize) and of year (both crops were grown over two years).

Crop management followed typical commercial practice to con-
trol weeds, pests and diseases. Winter barley (trials 1 and 2) received
both pre- and post-emergence herbicides and a three-stage fungicide
programme. No insecticides were used. Forage maize (trials 3 and 4)
also received a pre- and post-emergence herbicide but no fungicides
or insecticides. All crops remained free of major pest or disease pro-
blems although some hand-weeding was undertaken to ensure that
competition from weeds did not influence the results. Forage maize
(trial 4) was irrigated twice in June 2015 to provide 40 mm water to
ensure that nutrient uptake was not restricted by a lack of soil mois-
ture. The crops were harvested at commercial maturity, the develop-
ment stage at which commercial harvest typically takes place for
these crops: barley was harvested using a plot combine harvester
and the maize was harvested by hand. Details of harvest dates
and harvested areas can be found in Table 5.

Calculations and statistical analysis

Harvest assessment for all crops included fresh and dry weight of
above-ground biomass, and in addition, grain yield and moisture
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content for barley. Sub-samples were analysed for N, K and S to
allow for the calculation of nutrient offtake and percentage nutri-
ent recovery. Nutrient offtake was estimated by multiplying the
dry weight by nutrient concentration. Treatment means, treat-
ment differences and Tukey multiple comparisons were calculated
using analysis of variance (ANOVA) with the statistical software
Genstat 13.2 (VSN International, 2010). Apparent nutrient recov-
ery (ANR) was calculated using the approach:

ANR = ((nutrient uptake fertilized-nutrient uptake unfertilized)/
nutrient applied) x 100

Results

The response of winter barley to fertilizer treatments (trials 1
and 2)

Trial 1 winter barley grain yields and whole crop dry weights at
harvest had ranges of 2.33-7.59 and 4.5-11.4t/ha, respectively
(Table 6). Fertilizer treatment differences were significant for
both of these yield variables (P <0.001), with all treatments,
except those based on MOP, giving significantly higher yields in
comparison to the control (no K or S). Harvest indices varied
less between fertilizer treatments, but again treatment differences
were significant (P =0.039) with higher values in all treatments
except those based on MOP, in comparison to the control. The
lack of a yield response to K highlighted the influence of §,
since the yield of the polyhalite and SOP treatments was approxi-
mately double that of the control and MOP treatments. The per-
formance of polyhalite and SOP was similar.

Whole crop nutrient concentration and offtake values show a
considerable difference between the fertilizer treatments in terms
of their ability to provide K and S (Table 6). The highest K con-
centrations were provided by MOP and were approximately 37%
higher than either polyhalite or SOP, however, the higher concen-
trations did not translate into either higher offtake values (as these
were 28% lower than polyhalite and SOP), or higher yield, which
was half that of the polyhalite and SOP treatments.

The influence of fertilizer type on the concentration and off-
take of S was mixed. Polyhalite was the most effective source of
S and produced the highest offtake amounts but interestingly,
there was little difference between MOP and SOP in their S con-
centration, although S offtake by SOP was double that of MOP. In
overall terms, polyhalite performed a little better than SOP and
they both significantly outperformed MOP and the control.

In contrast, the trial 2 results were not as informative since the
crop over-wintered poorly and there were no significant differ-
ences between any of the treatments for grain yield, whole crop
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Table 6. Trial 1 (barley 2013/14): whole crop yield and offtake of K and S.
Grain yield Dry,
(15% m.c.) whole-crop Harvest N offtake K conc. K offtake K ANR S conc. S offtake S ANR
Treatment (t/ha) yield (t/ha) index (%) (kg/ha) (mg/g) (kg/ha) (%) (mg/g) (kg/ha) (%)
C 2.9a 5.4a 0.45a 86a 8.5ab 47a = 0.62a 3.4a =
PH1 6.4b 10.2bc 0.55a 101ab 6.5a 66abc 48a 0.93bc 9.5de 1la
PH2 7.6b 11.4c 0.58a 136b 7.5ab 85¢ 47a 1.02c 11.7e Ta
SOP1 5.7b 8.6b 0.58a 104ab 7.6ab 65abc 443 0.71a 6.1bc 15a
SOP2 6.8b 10.5¢ 0.56a 131b 7.1a 75bc 35a 0.72a 7.5cd 12a
MOP1 2.8a 4.9a 0.50a 75a 10.2bc 49ab Ta 0.75ab 3.7ab -
MOP2 2.3a 4.5a 0.45a T7a 12.4c 55ab 1la 0.74ab 3.3a -
SED (15 d.f.) 0.60 0.52 0.049 10.2 0.88 8.2 12.6 0.063 0.74 2.6
P= <0.001 <0.001 0.039 <0.001 <0.001 0.001 0.024 <0.001 <0.001 0.103

C, control [no K or S]; PH1, polyhalite [42 kg/ha K, 68 kg/ha S]; PH2, polyhalite [83 kg/ha K, 137 kg/ha S]; SOP1, sulphate of potash (potassium sulphate) [42 kg/ha K, 18 kg/ha S]; SOP2,
sulphate of potash (potassium sulphate) [83 kg/ha K, 36 kg/ha S]; MOP1, muriate of potash (potassium chloride) [42 kg/ha K, no S]; MOP2, muriate of potash (potassium chloride) [83 kg/ha

K, no S].
*Different letters indicate statistical difference at a 95% confidence interval.

Table 7. Trial 2 (barley 2015/16): whole crop yield and offtake of N, K and S.

Grain yield Dry, K S

(15% m.c.) whole-crop Harvest N offtake K conc. K offtake ANR S conc. S offtake ANR
Treatment (t/ha) yield (t/ha) index (%) (kg/ha) (mg/g) (kg/ha) (%) (mg/g) (kg/ha) (%)
C 2.3ab 2.3a 0.86a 28a 7.3a 17a - 0.92a 2.1a -
PH1 2.6ab 2.6a 0.79a 30a 7.8ab 20a 9a 1.16bc 2.9abc 3.0a
PH2 2.4ab 2.6a 0.79a 30a 8.7b 23a 9a 1.23c 3.2c 2.1a
MOPG1 2.1a 2.1a 0.83a 26a 7.4ab 16a 0a 1.06b 2.2ab 0.5a
MOPG2 2.8b 3.0a 0.82a 36a 7.9ab 23a 9a 1.05b 3.1bc 1.8a
MOP2 2.4ab 2.6a 0.78a 33a 8.2ab 22a Ta 0.84a 2.3a -
SED (15 d.f.) 0.21 0.31 0.054 3.4 0.45 3.1 5.4 0.036 0.26 0.86
P= 0.100 0.204 0.607 0.146 0.042 0.098 0.363 <0.001 0.001 0.119

C, control [no K or S]; PH1, polyhalite [42 kg/ha K, 68 kg/ha S]; PH2, polyhalite [83 kg/ha K, 137 kg/ha S]; MOPG1, muriate of potash (potassium sulphate) plus gypsum [42 kg/ha K, 68 kg/ha S];
MOPG2, sulphate of potash (potassium sulphate) plus gypsum [83 kg/ha K, 96 kg/ha S]; MOP2, muriate of potash (potassium chloride) [83 kg/ha K, no S].

*Different letters indicate statistical difference at a 95% confidence interval.

dry weight or harvest index at harvest (Table 7). However, nutri-
ent concentration and uptake did vary. In all fertilizer treatments,
except MOPGI, K concentrations were significantly higher than
the control and the same pattern was true for K offtake. Where
additional S was applied, in the polyhalite and MOPG treatments,
S concentrations were significantly higher than either the control
or MOP2 although the higher concentrations did not always
translate into higher S offtake. In overall terms, no robust conclu-
sions on the effect of fertilizer type can be drawn from the results
of trial 2.

The response of forage maize to fertilizer treatments (trials 3
and 4)

Overall, 2014 was a good year for the production of forage maize
and crop growth responded positively to all the fertilizer treat-
ments. Dry weight yields for the fertilizer treatments were signifi-
cantly higher than the control but there was no significant
difference in yield between polyhalite, SOP and MOP (Table 8).
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The lack of significant yield differences in response to varied K
applications suggests that in general the crop was adequately sup-
plied with K. Potassium offtake results were also not correlated to
the applied rate of K. There was a relatively high K value at plant-
ing (157 mg/l, index 2; Table 1).

The crop did respond positively to added S, with S concentra-
tions being greater at the higher application rates. Sulphur offtake
followed the same pattern but was not correlated well with dry
weight yield suggesting luxury uptake rather than a requirement.
In overall terms, there was little difference between polyhalite and
SOP and they both had a slight advantage over MOP but all three
outperformed the control.

In contrast, 2015 was a poor year for forage maize as unfavour-
able weather limited biomass accumulation and yields were sig-
nificantly lower in comparison to 2014 (Table 9). At harvest,
there was little difference in whole crop dry weight yield between
any of the treatments, including the control, although there were
differences in nutrient concentration and offtake. In comparison
to the no-K control, the application of polyhalite, SOP and
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Table 8. Trial 3 (forage maize 2014): whole crop yield and offtake of N, K and S.

R.D. Lillywhite et al.

Dry yield N offtake K conc. K offtake K ANR S conc. S offtake S ANR
Treatment (t/ha) (kg/ha) (mg/g) (kg/ha) (%) (mg/g) (kg/ha) (%)
C 16a 229a 9.2, 150a - 0.59a 10a -
PH1 25b 305ab ON" 222ab 58a 0.98c 24cd Ta
PH2 21ab 264ab 9.5, 196ab 25a 1.07c 22cd 4a
SOP1 22ab 230a 10.1, 216ab 53a 0.86bc 19bc 16b
SOP2 27b 362, 9.4, 249b 53a 1.05¢ 28d 22b
MOP1 22b 301ab 8.8, 194ab 35a 0.57a 12ab -
MOP2 22ab 342b 11.8, 257b 57a 0.63ab l4ab -
SED (22 d.f.) 2.0 28.4 0.93 30.2 19.3 0.083 2.73 3.0
P= <0.001 <0.001 0.072 0.008 0.448 <0.001 <0.001 <0.001

C, control [no K or SJ; PH1, polyhalite [125 kg/ha K, 206 kg/ha S]; PH2, polyhalite [187 kg/ha K,

308 kg/ha S]; SOP1, muriate of potash (potassium sulphate) [125 kg/ha K, 54 kg/ha S]; SOP2,

sulphate of potash (potassium sulphate) [187 kg/ha K, 81 kg/ha S]; MOP1, muriate of potash (potassium chloride) [125 kg/ha K, no S]; MOP2, muriate of potash (potassium chloride) [187 kg/

ha K, no S].
*Different letters indicate statistical difference at a 95% confidence interval.

Table 9. Trial 4 (forage maize 2015): whole crop yield and offtake of N, K and S.

Dry yield N offtake K conc. K offtake K ANR S conc. S offtake S ANR
Treatment (t/ha) (kg/ha) (mg/g) (kg/ha) (%) (mg/g) (kg/ha) (%)
C 14.6a 176a 6.3a 93a = 0.77a 10a =
PH2 13.6a 162a 8.4b 114a 1la 0.84a 1la 0a
SOP2 13.9a 171a 8.2b 113a 11a 0.89a 12a 2a
MOP2 13.2a 154a 7.8b 102a 5a 0.78a 12a -
SED (9 d.f.) 0.84 12.1 0.85 7.0 3.5 0.048 1.2 13
P= 0.425 0.326 0.001 0.042 0.205 0.100 0.509 0.294

C, control [no K or S]; PH2, polyhalite [187 kg/ha K, 308 kg/ha S]; SOP2, sulphate of potash (potassium sulphate) [187 kg/ha K, 81 kg/ha S]; MOP2, muriate of potash (potassium chloride)

[187 kg/ha K, no S].
*Different letters indicate statistical difference at a 95% confidence interval.

MOP contributed to significantly higher K concentration and off-
take. Polyhalite and SOP increased crop S concentration but this
was not translated into extra biomass as S offtake was similar for
all treatments.

Comparison between fertilizer treatments

The four trials revealed season-to-season differences across all
three key parameters. In winter barley, the control, whole-crop
yield in 2013/14 was double that of 2015/16 with corresponding
different nutrient uptake amounts for both K and S. In 2013/
14, the crop responded to added nutrients, but this was not the
case in 2015/16. Winter barley grain yield also responded to
added nutrients in 2013/14. In forage maize, the control yields
in 2014 and 2015 were similar but whereas the crop responded
to added nutrients in 2014, it did not in 2015.

The four individual trials provided an examination of the dif-
ferent fertilizers and showed that polyhalite, SOP and MOP are all
effective sources of nutrients. The relative performance of the
treatments over different crops and growing conditions is
shown in Figs 1-3. Values for total dry crop yield, K offtake
and S offtake are presented relative to the results for polyhalite.

The three fertilizer treatments outperformed the control in
three out of the four trials. This meets the expectation based on
the low nutrient status of the experimental soils and suggests
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that the results are robust. The exception was trial 4 in which for-
age maize underperformed in a poor growing year.

In terms of total dry crop yield, the performance of polyhalite
was similar to MOP in three out of the four trials and better in
one (Fig. 1). Polyhalite treatments were similar to SOP in two out
of four trials, performed better in one and worst in one. The grow-
ing season had a considerable influence on fertilizer performance
and crop biomass accumulation. Where growing conditions were
more favourable, as in trials 1 and 3, the advantage of providing
both K and S resulted in higher dry weight yield; SOP in particular
performed very well. However, in contrast, in poorer growing years,
as in trials 2 and 4, the differences in yields were smaller and the
application of S provided little or no advantage and the performance
of polyhalite, SOP and MOP treatments was broadly similar.

All three fertilizers contained K and the pattern of K offtake
was similar to total crop dry weight (Fig. 2). Trials 2 and 4 pro-
vided similar responses to fertilizer treatments in conditions of
relatively low nutrient accumulation, while trials 1 and 3 showed
a greater response, and significant differences, in higher nutrient
accumulation conditions. In trial 1, where S may have been defi-
cient and limited crop yield, polyhalite and SOP both performed
well. In trial 2, where similar conditions were present, SOP out-
performed polyhalite.

The recovery of K-fertilizers by the crops was variable. In trial
1, the crop recovered an average of 48% and 40% of the K
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Fig. 1. Relative analysis of total dry weight yield for
each trial. The reference fertilizer is polyhalite which
0 is set at 100% with all other values relative to that.
Trial 1 Trial 2 Trial 3 Trial 4 Control had no fertilizer applied; polyhalite is repre-
sented by PH2, sulphate of potash by SOP2 or
MOPG2, and muriate of potash by MOP2. Bars indicate
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Fig. 2. Relative analysis of K offtake (kg/ha) for each
trial. The reference fertilizer is polyhalite which is set
0 at 100% with all other values relative to that.
i i : i Control had no fertilizer applied; polyhalite is repre-
Trial 1 Trial 2 Trial 3 Trial 4 sented by PH2, sulphate of potash by SOP2 or
MOPG2, and muriate of potash by MOP2. Bars indicate
OControl MPH2 @@SOP2/MOPG2 B MOP2 SED (3.4 1),
contained within polyhalite and SOP, respectively; but only 9% of  Discussion

the K in MOP (Table 6). Recovery fell in trial 2 to less than 10%
for all three fertilizers making interpretation difficult (Table 7).
Trial 3 provided more robust results and showed, with the excep-
tion of SOP2 treatment, that recovery of K from all three fertilizer
types was broadly similar, being between 24% and 57% (Table 8).
Recovery of K in trial 4 was generally low although polyhalite and
SOP slightly out-performed MOP (Table 9).

Only polyhalite and SOP contained S and this was reflected in
both the overall yield and S uptake (Fig. 3). With the exception of
trial 4, where the response to added nutrients was low, polyhalite
and SOP enabled greater crop uptake of S in comparison with
MOP and control treatments. Values for S-ANR are presented
in Tables 6-9 where relevant, but the quantities supplied by the
different fertilizers are not comparable and therefore make evalu-
ation difficult.
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The aim of this research was to examine the agronomic value of
polyhalite and to reassess its contribution to crop nutrition.
Polyhalite contains four plant nutrients (K, S, Ca and Mg) but
the focus here is K and S. Naturally occurring multi-nutrient fer-
tilizers are uncommon, so two aspects of its performance are dis-
cussed: firstly, the performance of the fertilizer as an effective
source of crop nutrients, and secondly, the performance of the
individual nutrients to judge their value when supplied from
alternative products.

Polyhalite as fertilizer

The first question was addressed by comparison of crop yield
response to different fertilizer types. In trial 1, where crop yield
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Fig. 3. Relative analysis of S offtake for each trial. The
with all other values relative to that. Control had no
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fertilizer applied; polyhalite is represented by PH2, sul- Trial 1 Trial 2 Trial 3 Trial 4
phate of potash by SOP2 or MOPG2, and muriate of
potash by MOP2. Bars indicate SED (9 d.f.). L Control n PH2 O SOPZ / MOPGz MOP2

did not respond to K, polyhalite provided crop-available S and
performed slightly better than the nutrient-equivalent SOP.
Where the crop responded to K (trial 3), polyhalite performed
as well as both SOP and MOP as a source of plant-available K
and S. Where a crop did not respond to either K or S (trials 2
and 4), the performance of polyhalite was not different to SOP,
MOP or MOPG, demonstrating that there was no negative impact
of its use. These results support the early findings of Fraps and
Schmidt (1932) and Lepeshkov and Shaposhnikova (1958) and
confirm that polyhalite is an effective multi-nutrient fertilizer.
More recent work on potato found that polyhalite performed as
well as MOP and SOP as a source of K (Mello et al., 2018), was
similar or superior to MOP in corn (Dal Molin et al., 2020),
and was a more efficient fertilizer for supplying K, Ca, Mg and
S relative to equivalent soluble salts in wheat (Yermiyahu et al,
2017). This evidence suggests that polyhalite is indeed an effective
source of plant nutrients.

Polyhalite is a natural mineral and as such, its nutrient balance
is fixed so while it may be a good source of nutrients, it does not
automatically mean that it is an effective fertilizer. The molecular
ratio of K: Ca: Mg: S is approximately 3 : 3 : 1 : 5 which suggests
an excess of Ca and S should the application be tailored to K
requirements. Yermiyahu et al. (2017) recommended that the
application rate should be adjusted to provide sufficient Ca and
Mg and that additional fertilizers be used as a source of K. This
study took a different approach and tailored the K application
without regard for the other nutrients but found no detrimental
results as a consequence of higher Ca and S amounts. Our
research did not address the agronomic effects of Ca and Mg in
polyhalite, but the earlier work of Mercik (1981) reported
increases in plant Ca and Mg concentrations in response to poly-
halite application. Under some conditions, it is expected that
these nutrients will benefit crop production.

Nutrients within polyhalite

The second question was addressed by examination of individual
nutrient concentrations and offtake values. On its own, nutrient
offtake can be misleading as it is heavily influenced by biomass
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yield but considered together with concentration it can provide
an assessment of fertilizer performance. Multi-nutrient fertilizers
present a challenge because of potential interactions between
nutrient effects. Since fertilizer application for supply of K and
S is typically more important than fertilizer application for supply
of Ca and Mg (because K and S are more often limiting compared
with Ca and Mg), our approach has been to concentrate on the
former.

Potassium performance

The inverse relationship between K concentration and K uptake
in trial 1 is interesting: the highest concentrations and lowest off-
take values belonged to MOP but the opposite was true for poly-
halite, which also returned the highest biomass yield. This
suggests that MOP was a better source of K than either polyhalite
or SOP but that K concentration was not a good indicator of bio-
mass yield; we assume that it was the availability of S that drove
biomass accumulation, since biomass yield was positively and sig-
nificantly correlated to S offtake. At low K rates, Dal Molin et al.
(2020) reported that polyhalite was less effective than MOP but
other studies have suggested that their performances are compar-
able (Pavuluri et al., 2017; Bernardi et al., 2018; Mello et al., 2018).
One possible explanation is that the lower solubility of polyhalite
in comparison to other fertilizers might restrict K availability at
lower application rates (Yermiyahu et al., 2017). In this series of
trials, polyhalite was a better source of K than SOP but it was
the availability of S that most influenced biomass accumulation.
Levels of ANR can provide further evidence of the availability
of nutrients from fertilizers, although the results from these four
trials are mixed in terms of their usefulness. The most robust data
came from trials 1 and 3, while the lack of responses in trials 2
and 4 render them less useful. Recovery of K-fertilizer within
trial 1 was good from polyhalite and SOP, but poor from MOP.
Polyhalite and SOP were broadly similar suggesting that material
breakdown and nutrient availability were similar; their advantage
over MOP is likely to be their sulphur content rather than better
availability of K. The addition of S is known to facilitate N uptake
(Withers et al., 1995) and trials 1 and 4 provide some evidence of
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this. Recovery of K-fertilizer in trial 3 was similar for polyhalite,
SOP and MOP suggesting that overall, all three fertilizers per-
formed equally well despite some evidence that polyhalite might
be slower to dissolve in soil water.

In trial 4, despite the lack of yield effects, the application of
polyhalite, SOP and MOP contributed to significantly higher K
concentration and offtake in comparison to the control. This,
and the higher K offtake values, demonstrates that the fertilizer
treatments were able to supply additional K but that the crop
was unable to use it to increase biomass production.

Sulphur performance

The K and S contents of polyhalite and SOP are quite different:
polyhalite contains the equivalent of 11.6% K and 19.2% S
while SOP contains 41.5% K and 18% S. To provide the same
K application rate requires more polyhalite, which consequently
provides much more S. The 186.7kg K applications in trial 3,
using SOP and polyhalite, delivered 81.2 and 308.4 kg S, respect-
ively. Both these amounts exceed plant requirements. Although
the polyhalite treatments returned the highest S concentrations
in all trials except trial 4, the difference between polyhalite and
SOP was rarely significant; the exception to this was in trial
1. These results suggest that, although polyhalite contains a
large amount of S, not all of it was captured by the crop. There
was no evidence for a toxic effect, but sulphate is readily leached
out of soil into ground water, potentially affecting soil mineral
content and water quality (Ren et al., 2017). Soils with low acid
buffering capacity and that are Ca-poor may be vulnerable, there-
fore, to loss of Ca and Mg anions when sulphate cations are in
excess and leaching. Further work would be beneficial to examine
the acid buffering capacity of receiving soils (Bouwman et al,
2002).

It was observed that there was little difference between MOP
and SOP in their S concentration, although S offtake by SOP
was double that of MOP. The assumption is that the more readily
available source of S in SOP supported better and earlier crop
development, and that the MOP treated crop was able to scavenge
sufficient soil S by harvest to return similar concentration values
but not to attain similar yield.

In-field performance

Nutrient recovery, and subsequently plant nutrient concentration,
is influenced by the availability of nutrients within the soil matrix
and while these trials were not designed to examine the break-
down of the fertilizer materials, some observations can be
made. Fertilizers were either incorporated into soils prior to dril-
ling (trials 2 and 3) or surface applied post-emergence (trials 1
and 4). Of the fertilizers used, polyhalite was the most resistant
to breakdown when surface applied, and some residual material
was still visible on the soil surface for a few weeks after the
other materials had disappeared. These observations support the
work of Barbarick (1991), who reported that polyhalite behaved
like a slow release fertilizer, and Barbier et al. (2017) who reported
the solubility of polyhalite to be lower than MOP and SOP.
Reduced dissolution rate can be advantageous in longer season
crops since it ensures a supply of nutrients over a longer period.
For polyhalite, it appears that there are no short-term disadvan-
tages as yields were similar or slightly better compared to SOP
and MOP in these trials.
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In conclusion, the results show that polyhalite was an effective
fertilizer, supplying nutrients as effectively as alternative materi-
als. The research focused on K and S but there is evidence to sug-
gest some positive synergy due to the presence of Ca and Mg. At
this early stage in the revaluation of polyhalite, any potential syn-
ergy provided by multiple nutrients should be valued even though
there is little understanding of the mechanism or quantification of
the effect. Polyhalite may be useful as a slow release multi-
nutrient fertilizer as it dissolves more slowly than some alternative
materials (MOP and SOP) and this characteristic may allow
greater flexibility in terms of application timing.

The commercial usefulness of polyhalite as a fertilizer for
mainstream crop production will depend on the relative costs of
alternatives, together with consideration of any advantages due
to its multi-nutrient status.
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