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ABSRACT

The potassium pools of five major physiographic units of Urmia region in Western
Azarbaijan Province were studied to investigate the distribution of K forms as a function
of clay mineralogy and physiographic units. For this, soil samples from different horizons
of ten pedons were selected and analyzed for physiochemical properties, mineralogy of
clay fraction, and forms of K. Analyses of XRD revealed that the soils are similar in their
clay mineralogy, consisting of illite, smectite, chlorite, and kaolinite, but with different in
contents. Illite was higher in the Piedmont Plains (PP) followed by Plateaux (Pl), River
Alluvial Plains (RAP), Colluvial Alluvial Plains (CAP), and Lowlands (LL) units, whereas
a higher content of smectite was observed available in the Pl followed by PP, LL, RAP,
and CAP units. Several such simultaneous processes as mineral weathering and soil
forming, biocycling processes, and geomorphologic conditions had resulted in significant
difference in K forms in the soils studied. A wide variation in total K (HF-extractable K)
(0.54-1.1%), non-exchangeable K (280-450 mg kg™), and exchangeable K (217-330 mg kg’
! were recorded among different physiographic units. Statistically significant differences
(P< 0.05) were observed in the levels of mineral K, HNO;-extractable K, and non-
exchangeable K in soils of high illite (30-50%) as compared with those of low illite
contents (10-30%). A highly significant positive relationship was recorded between total
K and illite content (r’= 0.85, P< 0.001) and as well between non-exchangeable K and

illite contents (r’= 0.84, P< 0.001) suggesting that these pools of K are mainly released
from the frayed edges and wedge zones of illite. The soils were categorized into two major
groups based on the physiographic unit's assertion and soil solution K content: first group

comprised of Pl and PP units while the second group of RAP, CAP, and LL units.
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INTRODUCTION

It has long been recognized that clay
minerals and environmental conditions
strongly influence the major
physicochemical properties of soils but
relationship between the type and abundance
of clay minerals as well as landscape
properties as independent variables, and the
distribution of nutrient elements, specifically
K (in arid and semi-arid regions) as the
dependent variable has received less
attention (Gosh and Singh, 2001; Sharma et

al., 2006; Srinivasarao et al., 2007). Sekhon
et al. (1992) noted that variation of total K
content among soil types could be attributed
to the levels of clay, silt and sand and as
well as to the variations in mineralogical
composition of these three size particles.
Srinivasarao et al. (2007) found that total K
was highest in Inceptisols, followed by
Aridisols, Vertisols, Alfisols, and Oxisols in
soils of India as a result of the diversity of
distribution pattern of clay minerals. Sharma
et al. (2006) suggested that the spatial
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distribution of K fractions was closely
associated with landforms.

Soil K is nowadays commonly divided
into four interrelated forms; namely: water-
soluble, exchangeable, non-exchangeable,
and mineral. In solution and exchangeable K
forms are directly and readily available to
plants, although their levels are generally
low, not enough to meet the K requirements
of plants. Non-exchangeable K pool
becomes available (at low exchangeable
levels) for plant uptake while mineral K can
very slowly become available to plant
through  weathering  (Sparks,  1987).
Exchangeable K, (exchangeable with NH, in
IN NH4OAC solution), is held through
electrostatic charges present on organic
matter and on clay particles (Conyers and
Mclean, 1969). Exchangeable K is held
more tightly by expanding phyllosilicates
and 2:1 type clay minerals than by the
external surface charge of 1:1 type clays
(Sharply, 1989). Non-exchangeable K is that
proportion of total K which is extractable
with nitric acid, exhibiting exchangeable K
plus K extracted from within phyllosilicates
(mainly K trapped in the interlayer of
nonexpanding 2:1 clay minerals), and from
within  tectosilicate mineral structures.
Mineral K, as a major portion of total K (>
90), is present in such K-bearing minerals as
muscovite, biotite, feldspars, microcline and
orthoclase (Parker et al., 1989).

It is generally accepted that K is found as a
component of several minerals and upon
release it will go to soluble and
exchangeable forms (Huang, 1977);
although, some of these minerals also have
the capability to fix K added through
fertilizers or other sources into the non-
exchangeable pool (Gosh and Singh, 2001).
Mica/illite is a very common K-bearing
mineral in soils where K can be released
either by transformation into 2:1 expandable
layer silicates or by dissolution (Zhou and
Huang, 2007). Potassium release through
mineral dissolution occurring especially in
the rhizosphere and in the immediate
vicinity of fertilizer zones (Huang, 2005) is
more complex than the release through
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transformation of illite into 2:1 expandable
layer silicates. Borchardt (1989) and Aoudjit
et al. (1995) suggested that favorable
drainage, enough leaching, and suitable
weathering are factors that can strongly
influence the release of K from illite,
resulting in transformation of illite into other
minerals, mainly smectite. According to
Steffen and Sparks (1997), fixation and
release of soil potassium depends on the
type of clay minerals present in the soil, the
level of K in the soil solution, and as well as
the processes of wetting and drying.

Illite, chlorite, smectite, and kaolinite are
predominant clay minerals in Urmia region
(Samadi et al., 2008), exhibiting their
capacity to release K. The diversity of parent
material and clay mineralogy as well as
physiographic units in Urmia plain of Iran
offer a good environment to study the effects
of clay minerals and landscape conditions on
forms of K in a semi-arid climate. The
objectives of the present study were to: (i)
assess the content, forms, and distribution of
K as a function of clay mineralogy in
different physiographic units; (ii) to
investigate the relationship between the K
fractions and their physiographic units.

MATERIALS AND METHODS
Description of the Study Area

The study was carried out in the Urmia
plain in the north of Urmia, covering about
70,000 hectares within the catchments of the
Urmia Lake. The plain stands between 45°
00 and 45° 10 E longitude and 37° 38 and
37° 48 N latitude in western Azerbaijan
Province, north-west of Iran (Figure 1). This
area is part of the Zagros orogenic zone with
an elevation of 1,220 to 1,330 m a.s.l. The
Zagros mountain range with a northwest to
southeast direction is characterized by the
diversity of sedimentary rocks from the
Cretaceous (grey limestone, calcareous
sandstone, marl, and shale) to Quaternary
rocks (Darvishzadeh, 1991). During the late
Cretaceous, the Tethys seaway was cut off
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Figure 1.Location map of the study area.

from the ocean, leading to shallow
intermountain lakes and lagoons in the
Tertiary era (Owliaie et al., 2006). Thus, the
study area is a remnant of the Post-Tethyan
sea environments, rich in different
sedimentations.

The present climate of the region is of
Mediterranean type characterized by hot and
dry summers; cold and wet winters, with
average annual rainfall of about 330 mm of
which 80% fall during the 5 months period

Nazlo
LA

Nazlo River

between December and April, mainly as
snow. In the spring thawing period (May
and June) a relatively high amount of water
infiltrates into the soil. Mean annual
temperature varies between -6 and 14°C in
winter, to between 14 and 28°C in summer,
with an annual average of 11°C. Mean
annual evapotranspiration is about 1,270
mm with a maximum occurring at the end of
summer and a minimum in December to
February. According to present data (Banaei,
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Figure 2. Map of the area showing the location of the pedons studied.
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1998), soil moisture and temperature
regimes of the study area are of the xeric and
mesic types, respectively.

The main land use in the region is
agriculture, consisting of different fruit tree
species and such annual crops as: corn,
sugar beet, wheat, sunflower, and
vegetables. Site selection for profile studies
was based on a reconnaissance survey from
different physiographic units (Figure 2)
namely: pedons 1 and 2 located on Plateau
(P1), pedons 3 and 4 on Piedmont Plain (PP),
pedons 5 and 6 on River Alluvial Plain
(RAP), pedons 7 and 8 on Colluvial-Alluvial
Plain (CAR) at the base of the mountains, as
well as pedons 9 and 10 on Lowland (LL).
Soils were described and classified based on
Soil Survey Manual (Soil Survey Staff,
2003) and Key to soil Taxonomy (Soil
Survey Staff, 2006), respectively. Samples
were taken from different horizons, air-
dried, crushed, passed through a 2 mm sieve,
with the fine fraction being saved for the
analyses.

Physicochemical Analyses

Particle-size distribution was determined
through Pipette Method (Day, 1965) using
wet sieving and sedimentation after the
removal of carbonates (dissolution through
2N HCI), organic matter (oxidation by 30%
H,0,), free iron and aluminum oxides
(dissolution  through  dithionite-citrate-
bicarbonate), and as well were determined
the soluble salts. Total carbonates expressed
as Calcium Carbonate Equivalent (CCE)
was determined through rapid titration
(Nelson, 1982). Organic carbon was
measured through a wet digestion method
(Walkley, 1947). Acidity (pH) and EC were
determined in saturated paste and in
saturated extract, respectively. Cation
Exchange Capacity (CEC) was determined
using sodium acetate (1M NaOAc) at pH 8.2
(Chapman, 1965).

The extents of different K pools in each
soil sample were assessed using flame
photometer (Kundsen et al., 1982). Water-
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soluble K was determined through shaking
of a 5 g soil sample in distilled water (25
cm’) overnight, followed by centrifugation
and filtration. NHy-exchangeable K was
measured by shaking a 10 g of soil sample in
25 cm® ammonium acetate (buffered at pH 7,
1M), followed by centrifugation and
filtration. Exchangeable K was calculated as
the difference between NH,OAc-extractable
and K in solution. Nitric acid-extractable K
was determined using 2.5 g of soil boiled in
25 cm’ of IM HNO; solution for 10
minutes. The difference between K extracted
through HNO; and NHj-exchangeable K
was taken as non-exchangeable K. Total K
was found out by digestion of soil with acid
mixture (48% HF+6M HCI). Mineral K was
calculated by subtracting total K from HNO;
extractable K. Analyses were carried out in
three replications and the results for each K
form were recorded as means. Statistical
analyses were performed using Mstat-C
(Michigan University, 1991) and SPSS
(Microsoft Windows, 2006) softwares.

Mineralogy Analysis

Separation of clays for mineralogical
analysis was achieved through
sedimentation of dispersed soil materials.
Prior to soil mineral fractionation, samples
(< 2 mm) were treated with 1IN sodium
acetate, buffered at pH 5, to remove
carbonates, and treated with 30% H,0O, and
Na-dithionite-citrate-bicarbonate to oxidize
organic matter and to remove Fe oxides,
respectively (Kunze, 1965; Mehra and
Jackson, 1960). Sand was separated from silt
and clay through wet sieving while clay
being separated through centrifugation and
decantation. The < 2 um fraction was treated
with Mg-saturation, Mg-saturation plus
glycerol-saturation, K-saturation, and K-
saturation plus being heated at 550°C. X-ray
diffractograms were obtained through a
Shimadzu XRD 6000 defractometer
employing a Ni-filtered Cug, radiation
source from oriented clay (40 kV, 30 mA).
Samples were scanned from 3 to 30°20,
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at a scan speed of 2°20 min"' with a 2's
time constant. The content of clay minerals
was estimated according to Biscaye methods
(1965). Random powder diffraction patterns
were recorded using powdered samples and
scanning from 3 to 65°26.

RESULTS AND DISCUSSION
Overall Mineralogy of Soils

The soils were all calcareous, calcium
carbonate between 10 and 25%, with
relatively high clay content, ranging from 29
to 43%. Variations in soil characteristics are
considerable, which is most likely as
affected by physiography. This variation is
especially noticeable in clay minerals and as
well in K pools. The XRD data for the less
than 2 um fractions of the studied soils
showed (Figure 3 and Table 1) similar
mineralogy in the type, consisting mainly of
illite, smectite, chlorite, kaolinite, and
quartz, but differed in the relative
abundance, reflecting dynamic and variable
soil environments. Smectite is characterized
by the d value of 18 A in the glycerol-
treated samples. The 10 A" peak in the Mg-
treated samples showed the presence of
illite. The 14 A" peak that gets stabilized
after any treatment identified for chlorite
and while the presence of kaolinite being

JAST

characterized by the disappearance of the 7.2
A’ peak in K 550 C treatment. The decrease
in kaolinite peak (7.2 A") in the glycerol-
treatment vis-a-vis Mg and K-treatment
along with the apparition of very low angle
peak of 18.4 A’, suggested that probably
some smectite was interstratified with
kaolinite. Illite content was, in general, high
in PP followed by PI, RAP, CAP and LL,
while greater smectite content was observed
in PI followed by P.P, L.L, R.A.P and C.A.P
units (Table 1). This is likely due to the
presence of stable geomorphic surface and a
lack of the cycle of erosion-depositional
processes, allowing enough time for the
development of these minerals in the plateau
and piedmont plain physiographic units.
Chlorite and kaolinite do not indicate any
regular pattern of variation among different
physiographic units.

The occurrence of illite, chlorite and
kaolinite which together accounted for more
than 70% of the clay fraction in these soils is
probably largely related to their presence in
parent material (Owliaie et al, 2006).
Transformation of illite mainly in Pl and PP,
as indicated by the presence of interstratified
clay minerals, seems to be the main pathway
to the formation of smectite, although
inheritance from parent material could also
be the possible cause (Khormali ef al,
2005). A broad 23.2-25 A’ peak that
collapsed to 14 and 10 A’ after being heated
(to 550'C) and K-saturation treatment

Table 1. Percentage distribution of clay minerals in the soils studied.

Pedon Physiogaphic  Illite Smectite+ Chlorite  Kaolinite
unit Interstratified clays
Typic Calcixerepts Pl 421 30 16 12
Sodic Calcixerepts PI 45 28 14 13
Humic Haploxerepts P.P 42 21 22 15
Fluventic Haploxerepts P.P 48 22 18 12
Aquic Haploxerepts R.AP 29 14 28 29
Fluvaquentic Epiaquepts R.AP 27 12 35 26
Typic Haploxerepts C.AP 25 11 31 33
Fluventic Haploxerepts C.AP 18 10 35 37
Typic Epiaquepts LL 23 22 25 30
Typic Endoaquepts LL 19 16 30 35

“ The contents appearing in the table are the mean contents obtained from different soil horizons.
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Figure 3. XRD pattern of the clay fraction from different horizons: (a) P1, (b) PP, (c) RAP, (d) CAP, and (e)

LL.
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suggested that the smectite was randomly
interstratified with illite. Daily and seasonal
fluctuations in temperature and moisture as
well as in soil available water along with the
activity of plant roots in this area can
provide a relative favorable environment for
the depotassification of illite. Therefore, it
seems  there  occurred a  simple
transformation of illite into other clay
minerals (mainly smectite). Quartz, feldspar
mica, chlorite, and kaolinite were also the
major observed minerals in random powder
XRD patterns (not shown here).

K Status and Clay Mineralogy

The mean contents of the various K
forms, CEC, pH, EC, clay and organic
carbon for the five main physiographic units
are presented in Figure 4 and in 2. A wide
variation in HF-extractable K (total K),
ranging from 0.54 to 1.1%, as well as
mineral K, ranging from 0.49 to 1%, was
recorded among physiographic units (Figure
4). Mineral K accounted for the major
portion of total K in all soils, on an average
of 92.5, 92.7, 91.5, 91.3, and 91.1% for PI,
PP, RAP, CAP, and LL units, respectively.

Mineral K content was closely related to
the amount and type of clay minerals. This
assertion is confirmed by a significant
relationship between mineral K and illite
(semiquantities) contents (’= 0.85, P<
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0.001) and as well between mineral K and
clay contents (’= 0.61 P< 0.01) which are
consistent with results obtained by other
authors (Officer et al., 2006; Nabiollahy et
al., 2006; Barre et al., 2007). The findings of
exchangeable K varied greatly among the
different physiographical units. A higher
content of exchangeable K was observed in
Pl followed by PP, RAP, CAP, and LL
(Figure 4). In spite of having greater content
of illite, PP indicated a lower content of
exchangeable K in comparison with Pl unit.
This could be attributed to a higher stability
of geomorphologic surface in PI than in PP,
followed by a lower mobility of K from illite
clay structure to the exchange complex in PP
unit.

The higher clay and smectite contents
(Table 1), smectite relation with illite as an
interstratified clay mineral, and the
corresponding large surface area and CEC
resulted in larger exchangeable K in PI unit,
as also suggested by Srinivasarao et al.
(2006). Dominance of kaolinite and chlorite
clay minerals along with lower CEC in CAP
and LL units in comparison with other soils
resulted in their lower exchangeable K. On
average, 74% of non-exchangeable K, 42%
of HNO; extractable K, 3.7% of mineral K,
and 3.4% of HF extractable K could be
accounted for as exchangeable.

Non-exchangeable K, consisting mainly of
K trapped in the interlayers of non

Table 2. Mean values of selected physicochemical properties of the pedons studied.

Pedon Physiographic pH oC CCE Clay CEC EC
unit
i cmol, Kg" dSm’!
Typic Calcixerepts PI 75° 14 15 42 19 0.85
Sodic Calcixerepts Pl 79 13 18 39 18 2.8
Humic Haploxerepts PP 74 13 20 40 17 0.95
Fluventic Haploxerepts PP 73 14 16 33 14 1.1
Aquic Haploxerepts RAP 7.5 0.89 12 43 14 0.54
Fluvaquentic Epiaquepts RAP 73 091 10 39 15 0.67
Typic Haploxerepts CAP 7.6  0.81 23 29 12 0.45
Fluventic Haploxerepts CAP 7.5 0.78 25 38 13 0.51
Typic Epiaquepts LL 7.7 094 17 32 12 1.4
Typic Endoaquepts LL 7.5 0.96 16 29 11 1.6
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The mean values appearing in the table are the mean contents obtained from different soil horizons.
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Figure 4. Potassium fractions in soils from various physiographic units. Plateaux (P1), Piedmont Plains (PP),
River Alluvial Plains (RAP), Colluvial Alluvial Plains (CAP), and Lowlands (LL).

expanding 2:1 clay minerals, exhibited a
similar trend to HF-extractable K and almost
mineral K in the different soil types. The
release rate of non-exchangeable K is the
result of the type and particle size of K
bearing minerals and of soil conditions
(Scott, 1968). The soils of Pl and PP units
contained much non-exchangeable K,
reflecting high contents of illite as one of
their most important sources of soil K. A
high significant relationship between the
content of non-exchangeable K and illite
content (r’= 0.84, P< 0.001) indicated that
this fraction of K is mainly released from the
frayed edges of illite, as confirmed in other
earlier works. Srinivasarao et al. (2007)
reported that the abundance of non-
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exchangeable K in the different soil types
broadly following the same trend as their
total K in soils of India, could be due to the
presence of different levels of illite/mica.
Cimrin et al. (2004) suggested that non-
exchangeable K of soils originated from
illite in Gavas region. Non-exchangeable K
is almost in equilibrium with all K forms
acting as an important reservoir of K. Based
on the exchangeable and non-exchangeable
K interpretation scheme of Srinivasarao et
al. (2007), the soils studied were classified
into high in exchangeable K vs. low (LL
unit) to medium (Pl, PP, RAP and CAP
units) in non-exchangeable K categories. On
average, non-exchangeable K constituted
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56% of HNO; extractable K, 4.9% of
mineral K, and 4.5% of HF-extractable K.

Pl unit showed the greater water-soluble
K, followed by PP, RAP, LL. and CAP
(Figure 4). With regard to the high level of
exchangeable K present in this area and the
fact that water-soluble K is in equilibrium
with exchangeable K, low contents of water-
soluble K were surprising. This was
presumably due to the high affinity of
reactive surfaces and as well as specific
surface site of 2:1 clay minerals to adsorbed
K (Gawander et al, 2002). On average,
water-soluble K constituted 2.2% of
exchangeable K, 1.7% of non- exchangeable
K, and 0.07 % of HF-extractable K which is
in agreement with results obtained by
Samadi et al. (2008).

Correlation coefficients (r) of K forms and
clay content are given in Table 3. As can be
observed, all K forms, except water-soluble
K, show high correlations with clay content
which is consistent with other research
findings (Sharpley, 1989; Samadi et al.,
2008). Significant positive relationships
between different K forms revealed the fact
that K fractions are in dynamic equilibrium
(Sharma et al., 2006).

Analysis of variance indicated that mineral
K, HNO; extractable K, non-exchangeable
K, and clay contents of the soils with a
higher illite content (30-50%) were
significantly different from those in soils of
less illite content (10-30%) (Figure 5). These
results also confirmed the fact that illite is a
major source of K in the soils studied.

JAST

K Forms and Soil Processes

Relationships among pools of K and
physiographic units are presented in Table 4.
In view of the fact that forms of K are often
functions of K-bearing minerals, several
processes (as a result of variations in
physiographic units) may account for the
trends of K pools. Different degrees of
weathering, in particular, under the effect of
large daily and seasonal fluctuations in
moisture and temperature and as well in soil
available moisture; variations in biocycling
processes of K; variations in
geomorphological conditions, and soil
genesis processes that have affected the rate
of depotassification processes (as a result of
simple transformation of illite into other clay
minerals, mainly smectite) could be
mentioned as some of such processes.

The contents of HF- extractable K and
mineral K were significantly different in all
the physiographic units whereas HNO;
extractable K, non-exchangeable K, and
exchangeable K were significantly different
among Pl, PP and RAP units, reflecting the
variation in soil conditions and the type and
abundance of K-bearing minerals. As
discussed earlier, in Pl and PP units,
condition of more stable geomorphologic
environment, greater activity of soil
formation processes and lower erosion as
compared with other units had a more
pronounced effect on the higher level of K
forms in these soils. The X-ray patterns of
these soils (Pl and PP units) are different and
show a more abundance of such silicate clay

Table 3. Correlation coefficients of linear relationships between K forms and clay contents.

Water-soluble Mineral HF NH;OAc HNO; K

K K K K
Clay 0.346 0.706" 0.708" 0.704" 0.734"
Water-soluble K 0.836" 0.834™ 0.537" 0.722™
Mineral K 0.999™ 0.803" 0.946"
HF K 0.812" 0.952"
NH,OAc K 0.922™

* and **, Significant at the 0.05 and 0.01 levels, respectively.
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Figure 5. Analysis of variance of: (a) Mean mineral K, (b) HNOs-extractable K, (c) Non-
exchangeable K, and (d) Clay content of soils with different illite contents (P< 0.05).

minerals as illite and smectite that are
responsible for the differences in their K
pools vis-a-vis other soil units. Due to similar
soil clay-fraction distribution and mineralogy
(Tables 1 and 2), the quantities of non-
exchangeable and exchangeable K were
similar in C.A.P as compared with LL unit.
Soils were categorized into two groups
based upon the relationship between water-
soluble K and physiographic units. The first
group consisted of Pl and PP units, while the
second one of RAP, CAP and LL units.
While the content of water-soluble K in the

first group significantly differed from that in
the second group, there was no significant
difference observed between Pl and PP and
neither was so among RAP, CAP and LL
units. Water-soluble K is an immediate
source of plant available K, its concentration
being affected by soil weathering, plant
cover, labile release of K from organic
residues, and as well from the added
farmyard manure (Srinivasarao et al., 2007;
Samadi et al., 2008). Similarity in weathering
processes reflected in the clay content, and in
organic matter can be responsible for the

Table 4. Grouping of studied soils in physiographic units according to different form of K and clay contents.

Pl P.P R.A.P C.AP LL
HNO:s- extractable K (%) 0.0811*¢ 0.0669° 0.0654° 0.0558°¢ 0.0507¢
Non-exchangeable K (%) 0.0338" 0.0269™ 0.0279° 0.0233% 0.0222¢
HF-extractable K (%) 1.089° 0.9162° 0.760° 0.640¢ 0.5694°
Mineral K (%) 1.007* 0.8996" 0.6956° 0.5842¢ 0.5187¢
NH,OAc-extractable K (%) 0.0447* 0.0399° 0.0347¢ 0.0326% 0.0285¢
Exchageable K (%) 0.330° 0.0261% 0.0292% 0.0228° 0.0217°
Water soluble K (%) 0.00088*  0.00080* 0.00047° 0.00041°  0.00047°
Clay (%) 40.5° 36.5% 41* 33.5% 30.5°

“ Means followed by the same small letter in each row are not significantly different as determined

through Duncan's test (P< 0.05).
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insignificant difference in water-soluble K
content in these soils.

CONCLUSIONS

It becomes apparent from the present
study, that physiographic units exhibit
different capabilities in provide K, this being
due to variations in degree of weathering,
geomorphological and topographical
conditions, and as well as pedogenetic
processes. In fact, diversity of physiographic
units, reflecting mainly on K-bearing
minerals and clay content, have resulted in a
noticeable difference in content, forms, and
distribution of K. Units Pl and PP which
occurred on a more stable landform position,
contained a higher content of all forms of K
along with clay and illite. The statistically
significant relationships between mineral K,
HNOsextractable K, and as well between
non-exchangeable K, and soil illite content
suggest that those forms of K are greatly
influenced by the presence of illite. In spite
of K removal by such high nutrient requiring
crops as sugar beet and sunflower in
different physiographic units, the potential
of Kbearing minerals, with respect to both
non-exchangeable and exchangeable, is high
enough to be sufficient for the current
cropping practices.
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