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SIMULTANEOUS MULTIELEMENT EXTRACTION WITH THE
MEHLICH-1 SOLUTION FOR SOUTHERN BRAZILIAN SOILS
DETERMINED BY ICP-OES AND THE EFFECTS ON THE
NUTRIENTS RECOMMENDATIONS TO CROPS™

Leandro Bortolon® & Clesio Gianello®

SUMMARY

The amounts of macro (P, K, Ca and Mg) and micronutrients (Cu and Zn)
extracted with the Mehlich-1 (M;) solution, by the 1.0 mol L-! KCI (KCl) and with
the 0.1 mol L1 HC1 (HC]) for representative soil types of the Rio Grande do Sul
state (Brazil) were compared with those extracted with the Mehlich-1 solution
determined with the inductively coupled plasma optical emission spectroscopy
(ICP). The amounts of nutrients extracted by the different methods showed high
correlation coefficients. On average, the Mehlich-1 solution extracted similar
amounts of P, determined with colorimetric and ICP methods, and, K determined
with emission and ICP. The amounts of Ca and Mg extracted with the Mehlich-1
solution, determined by ICP, were similar to those extracted with the KCl solution
determined by the atomic absorption spectrophotometry. The amounts of Cu and
Zn extracted with the Mehlich-1 solution, determined by the ICP, were higher
than those extracted with the 0.1 mol L-! HCl determined by the atomic absorption
spectrophotometry. The results indicate that the Mehlich-1 solution and ICP can
be used for simultaneous multielement extraction and determination for Southern
Brazilian soils. However, a conversion factor for values interpretation is needed.
The use of the conversion factor to determine the K availability index in soils is
adequate and does not affect the K recommendations for crops in southern Brazilian
soils.

Index terms: soil testing, ICP, Mehlich-1.
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RESUMO: EXTRACAO MULTIELEMENTAR SIMULTANEA COMA SOLUCAO

DE MEHLICH-1 PARA SOLOS DO SUL DO BRASIL E
DETERMINACAO POR ESPECTROFOTOMETRIA DE EMISSAO
OTICA POR PLASMA INDUZIDO E OS EFEITOS NAS
RECOMENDACOES DE ADUBACAO PARA AS CULTURAS

As quantidades de macro (P, K, Ca e Mg) e micronutrientes (Cu e Zn) extraidos com a
solugdo de Mehlich-1 (M1), por KCI 1,0 mol L1 (KCl) e com o HCI 0,1 mol L (HCI), em solos
representativos do Rio Grande do Sul, foram comparadas com as quantidades de nutrientes
extraidos com a solugdo de Mehlich-1 determinados por espectrofotometria de emissdo dtica
por plasma induzido (ICP-OES). Os teores de nutrientes extraidos pelos diferentes métodos
tiveram alto grau de correlagdo. Em média, a solugdo de Mehlich-1 extraiu quantidades
semelhantes de P determinado por colorimetria e por ICP, bem como de K determinado por
emissdo e ICP. Os teores de Ca e Mg extraidos com a solugdo de Mehlich-1, determinados por
ICP, foram semelhantes aos dos extraidos com a solu¢do de KCIl determinada por
espectrofotometria de absor¢do atomica. Os teores de Cu e Zn extraidos com a solugdo de
Mehlich-1, determinados por ICP, foram maiores do que os extraidos com a solugdo de HCI
determinada por espectrofotometria de absor¢do atomica. Os resultados indicam que a solug¢do
de Mehlich-1 e o ICP podem ser usados para extragdo e determinagdo multielementar simultdnea
de solos do sul do Brasil, porém o uso de um fator de conversdo para interpretagdo de valores
é necessdrio em alguns casos. O uso do fator de conversdo para determinar o indice de
disponibilidade de K no solo é adequado e ndo altera as recomendagées de K para as culturas.

Termos de indexagdo: andlise de solo, ICP, Mehlich-1.

INTRODUCTION

Soil multielement extracting solutions are used by
several soil testing laboratories to determine some
nutrients availability for crops in order to decrease
costs and labor. The first solution widely used was
proposed by Mehlich (1953) by extracting the available
P, K, Ca, Mg and Zn in noncalcareous soils (Mehlich-
1 — M;). The advantages of the multielement
extracting solutions became more clear with the
development of the inductively coupled plasma
emission spectrometer (ICP-OES) which can
determine several elements on the same extract with
high analytical precision, low detection limit, and an
extended dynamic range (Raij, 1994).

The M; solution is used by several laboratories to
determine available P and K in acidic soils from Brazil.
For southern Brazilian soils, the M; solution is used
to evaluate P and K availability, with a 1.0 mol L'
KCI solution to evaluate exchangeable Na, Mn, Al,
Caand Mg and 0.1 mol L' HCl for available Cu and
Zm (Tedesco et al., 1995). However, the Mehlich-1
solution was calibrated for simultaneous multielement
extraction of P, K, Ca, Mg, Cu and Zn for southern
Brazilian soils, and the nutrients determination was
done by colorimetric (P), atomic absorption (Ca, Mg,
Cu and Zn) and flame emission (K) methods (Bortolon
& Gianello, 2008).

The use of ICP in soil testing laboratories has
expanded rapidly since the early 1990’s (Munter, 1990;

Raij, 1994). The ICP is based on the characteristic
optical emission of atoms excited in high-temperature
(5.000-8.000 K) argon plasma and provides
simultaneous analysis of many elements. Because
samples’ molecules injected into the plasma undergo
instantaneous vaporization, dissociation, and are
excited, ICP can measure other nutrients’ forms than
those determined by other determination techniques
(colorimetric, atomic absorption, flame emission)
(Nathan et al., 2002). In southeast Brazilian soils,
differences were identified in the Cu and Zn amounts
extracted by the Mehlich-1 solution as determined by
the ICP and atomic absorption (Milagres et al., 2007).
For Southern Brazilian soils, Bortolon & Gianello
(2008) did not observe differences of the P amounts
extracted by the Mehlich-1 solution, determined by
the colorimetric and ICP methods. The differences
were found between the P amounts extracted by the
Mehlich-3 solution, determined by colorimetric and
ICP methods, because ICP can measure other P forms
in addition to orthophosphate. Thus, the P measured
with ICP is up to 50 % higher than P measured with
colorimetric method, and research has suggested that
the additional P is mainly organic P (Hylander et al.,
1995; Eckert & Watson, 1996; Nathan et al., 2002).

The use of the ICP technique in Brazilian soil
testing laboratories is recent because of the higher
acquisition costs, equipment maintenance, and lack
of regional information about the methodology
efficiency for Brazilian soils. For southern and
southeast Brazilian soils, there are few results about
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ICP soil testing efficiency being necessary to increase
the information regarding ICP efficiency in a wide
range of soils from Brazil (Milagres et al., 2007;
Bortolon & Gianello, 2008; Bortolon et al., 2007a,b).

The objective of this work was to investigate the
macro (P, K, Ca and Mg) and micronutrient (Cu and
Zn) amounts extracted with the current soil testing
methods used in southern Brazilian soil testing
laboratories, and compare that to those extracted with
the Mehlich-1 solution as determined by the ICP
technique. In addition, we evaluated the effect of the
ICP use for K recommendations for crops.

METHODOLOGY

This study was conducted with 441 soil samples
sent by farmers for soil fertility evaluation with widely
distributed soil types (Haplorthox, Hapludult,
Argiudoll, Argiaquoll, Paleudalf, Paleudert,
Haplumbrept, Haplohumult, Haplohumox) with a
wide range of chemical, physical, and mineralogical
properties (Table 1).

The amounts of P, K, Ca, Mg, Cu and Zn were
extracted with Mehlich-1 (M;) (0.05 mol L't HC1 +
0.0125 mol L1 H,SO,4; pH 1,2) in a soil:solution ratio
of 1:10, and shaken for 5 min on a reciprocating shaker
at 120 oscillations min'! and standing overnight (16 h).
After 16 h, the nutrients in the extracts were
determined by ICP (Gartley et al., 2002). An aliquot
of the extract was used for P colorimetric (COL)
determination (1-amino-2-naftol-4-sulfonic and
ammonium molibdate method), and another aliquot
was used for K by flame photometry (EM). Ca and
Mg were also extracted with 1.0 mol L' KCl in a
soil:solution ratio 1:2 and Cu and Zn by 0.1 mol L1
HCl in a soil:solution ratio 1:4. Both were shaken for
30 min on a reciprocating shaker at 120 oscillations
min'! and standing overnight (16 h). The Ca, Mg, Cu
and Zn were determined in the extract by atomic
absorption spectrometry (AA). The extract filtration
procedure was replaced by standing overnight. All
samples were extracted in triplicate in three different
days totaling nine replicates of each sample.

Table 1. Characterization of the pH values, the clay
and organic matter (OM) of the soils used in this

work®
Parameter pH Organic matter Clay CECgu7o
g dm3 gkg! cmol.dm?
Minimum 4.1 6 60 2.9
Maximum 7.1 92 790 46.1
Average 5.5 36 370 15.0
Median 5.5 35 400 13.9

@ Determinations according to the methodology described by
Tedesco et al. (1995).

The data were compared by correlation between
the amounts extracted by the different methods and
the mathematical equations which were adjusted by
the linear model. The K data interpretation between
cation exchange capacity (CEC) calculated by current
method and CEC calculated with ICP equation were
compared using paired-t test (p < 0.05).

RESULTS AND DISCUSSION

Soil pH of the 441 soils ranged from 4.1-7.1,
indicating the wide pH range of the predominant soils
in southern Brazil. The soil clay ranged from 100 to
790 g kg'l, with a mean of 370 g kg which is common
in agricultural soils of Rio Grande do Sul state used
for crop production. Mean organic matter content
(Walkley—Black) of the soils was 36 g kg1, and ranged
from 6 to 92 g kg'!, which is common organic matter
content found in southern agricultural soils of Brazil.
These data reflected the variable and wide range of
physical, chemical, and mineralogical characteristics
of soils in southern Brazil.

Extractable soil P values obtained by the M;
solution were in the range generally determined for
agricultural soils (Table 2). However, there are some
values extremely elevated above values found in
agricultural soils. On average, the amounts of P
extracted with the M; solution determined by COL
and ICP were similar (Table 2), and high correlation
coefficient between them for all soils used in this work
(Figure 1a). Because of the wide range of extractable
soil P, the data were compared excluding the soils
with extractable P by Mehlich-1 solution higher than
40 mg dm™3. This reference value indicates the P
status in soil classified “very high” for southern
Brazilian soils and the P recommendations is based
on plant requirements (SBCS/NRS, 2004). The
correlation between the P amounts extracted by the
M; solution, determined by the COL and by the ICP
methods, had a high degree association (0.91%%;
Figure 1a). These data are according to Bortolon &
Gianello (2008) using 551 soil samples from southern
Brazil. The colorimetric interpretation table can be
used for the ICP values index without affecting the P
recommendations for crops (Bortolon & Gianello,
2008). The high association degree between the P
amounts determined by the COL and ICP methods
indicates the methods determine the same pool of P
in the extract.

The extractable soil K is shown on Table 2. On
average, the range of K amounts extracted with the
M; solution is common in agricultural soils of the Rio
Grande do Sul state (Table 2). The K amounts
extracted with the M; solution determined by EM and
ICP were similar (Table 2). The correlation between
the K amounts extracted by the M1 solution
determined by the EM and ICP methods had a high
degree of association (r = 0.99**; Figure 1b). The



128

Leandro Bortolon & Clesio Gianello

Table 2. Nutrient amounts extracted by soil test methods on soils used in this work

Methods Nutrients’ amounts extracted by methods
Extraction Determination Minimum Maximum Average Median
P (mg dm™)
Mehlich-1 COL ® 2.0 130 7.8 5.6
Mehlich-1 ICP 0.6 152 8.4 6.5
2 K (mg dm?)
Mehlich-1 EM® 10 690 150 134
Mehlich-1 1cp® 13 684 170 150
Ca (cmol, dm™)
1.0 mol L' KC1 AA® 0.2 36.0 7.3 6.4
Mehlich-1 ICP 0.4 28.3 7.8 7.2
Mg (cmol, dm™)
1.0 mol L' KCI AA 0.1 10.4 3.2 3.0
Mehlich-1 ICP 0.2 11.2 4.0 3.8
Cu (mg dm™)
0.1 mol L' HCI AA 0.1 384 7.7 4.9
Mehlich-1 ICP 0.1 521 10.4 6.9
7n (mg dm™)
0.1 mol L' HCI AA 0.2 47.1 4.2 2.2
Mehlich-1 ICP 0.3 62.6 6.0 3.4

@ Colorimetric method. ® Flame emission spectrometry. ® Inductively coupled plasma optical emission spectrometry. ) Atomic

absorption spectrometry.

amplitude of the K values was very high, for this
reason, the data was reprocessed using soils with K
amounts extracted by the M; solution lower than
200 mg dm™3. This reference value indicates the K
status in soil classified “very high” for southern
Brazilian soils and the K recommendations is based
on plant requirements (SBCS/NRS, 2004). For these
soils, the correlation between the extractable M; K
determined by the methods had a high coefficient value
(r = 0.98**; Figure 1b), indicating that the same K
pool in solutions are accessed by the determination
methods. The EM and ICP have the same chemical
determination process; however, the efficiency of the
plasma on the atoms’ excitation is higher than the
flame because the temperature of plasma is very high
(5000-8000 K). Thereby, the 13 % of K amounts
determined by the ICP was found, but without
statistical difference by the “t” test. The results
indicate that ICP can be used for K determination in
M, soil extracts in southern Brazil, replacing the EM
method, reducing costs and labor, and, consequently
increasing the laboratory efficiency.

The Ca amounts extracted by the KCI solution
determined by the AA was similar to those extracted
by the M; solution determined by the ICP (Table 2)
and with a high degree of association between them
(Figure 2a) when considering all soils. The
replacement of soils with Ca amounts extracted by
the KCI above 20 cmol, dm3 did not affect the
correlation. The Mg amounts extracted by the M;
solution determined by the ICP were, on average, 25 %
higher than those extracted by the KCl solution;
however, no statistical differences were found (Table 2).
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Figure 1. Correlation between the phosphorus
amounts extracted by the Mehlich-1 solution
determined by the colorimetric (COL) and ICP
methods (a) and the K amounts extracted by the
Mehlich-1 solution determined by the flame
emission (EM) and ICP methods (b).
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The correlation had a very high degree of association
between the Mg amounts extracted by these methods
(Figure 2b). The data showed that the extraction
methods access the same pool of Ca and Mg in soils
and the determination methods access the same pool
of Ca and Mg from the extract solution. Comparable
correlation coefficients and regression relationships
have been reported elsewhere in the literature (Gascho
et al., 1990; Evans & McGuire, 1990; Alva, 1993;
Gartley et al., 2002). For southern Brazilian soils, a
few studies were conducted to compare the Ca and Mg
amounts extracted by the M; solution, however, the
studies reported the M, efficiency to evaluate Ca and
Mg in soils (Miola, 1995; Kroth, 1998; Bortolon, 2005).

The Cu and Zn amounts extracted by the M;
solution determined by ICP were, on average, 40 %
higher than those extracted by the HCI solution
determined by AA (Table 2). The relationship between
the Cu and Zn amounts extracted by the solutions
and determined by the methods had a high degree of
association (Figure 3a,b) when using all soils or using
soil with Cu amounts extracted by the HCI solution
above 20 mg dm™ and Zn amounts, extracted by the
HCl solution above, 10 mg dm™. Similar results were
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Figure 2. Correlation between the calcium (a) and
magnesium (b) amounts extracted by the
1.0 mol L' KC1 solution determined by the
atomic absorption spectrometry (AA) and the
calcium and magnesium amounts extracted by
the Mehlich-1 solution determined by the ICP
method (a).
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solution determined by the atomic absorption
spectrometry (AA) and the copper and zinc
amounts extracted by the Mehlich-1 solution
determined by the ICP method (a).

found by Milagres et al. (2007) using soils from
southeast Brazil. Obtained Cu and Zn amounts
extracted by the Mehlich-1 solution determined by ICP
were, on average, 35 % more than the Cu and Zn
amounts determined by the AA. Probably the higher
amounts determined by ICP are related to the high
Cu and Zn complexed in the solution by organic
molecules. The flame of the atomic absorption does
not have enough energy to release the Cu and Zn from
the solution, and they did not quantify. The opposite
occurs in the ICP method, because the plasma energy
is higher than the flame and can release Cu and Zn
complexed in the solution by organic molecules and
can be evaluated. Based on these results, a simple
substitution is possible if a conversion factor is used
for these elements.

In comparing micronutrient soil tests, it is
important to remember that in many cases, the
interpretation of these tests is not based solely on the
concentration of the nutrients measured by the soil
tests, but on their relationship with other soil
properties, such as soil pH and organic matter in the
form of an availability index. While inclusion of these
properties in the analysis did not improve the
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predictive aspect of these relationships for estimating
soil concentration, they have been shown to improve
the interpretation of the concentration with respect
to plant availability in specific soils. In using
regression equations to convert between “equivalent
soil test” values of different extractants, it is important
to consider whether the use of the “predicted values”
rather than “actual” values will impact the accuracy
of the availability indices, since the extractants
involved may actually be measuring different pools of
the micronutrients in the soil (Gartley et al., 2002).

The regression equations developed in this study
as conversion equations between different soil test
extractants and determination methods are shown on
table 3. However, even simple linear relationships
with the included slope and intercept values can be
cumbersome for day-to-day use. From the standpoint
of practicality and ease of use, a simple “conversion
factor” by which a soil test result could be multiplied
is more desirable. Such a format would be easier to
use as well as less prone to transcription error by the
individual trying to remember specifics of a given
equation such as whether an intercept is positive or
negative. In some cases, “no-intercept” regression
models are acceptable. Whether this expectation could
be applied to the relationship between different soil

Leandro Bortolon & Clesio Gianello

test extractants is less certain as soil test extractants
measure “extractable” rather than “total”
concentrations. Since soil test extractants may be
measuring different “pools” of nutrients in the soil
and also vary in extraction efficiency due to differences
in their chemical composition, it is possible that one
soil test extractant may yield a result of “0” while a
second does not for the same soil sample, simply
because of differences in extraction chemistry (Gartley
et al., 2002).

The CEC is used for interpretation of K status for
southern Brazil soils and fertilizer recommendations
and they are classified according to table 4. The CEC
is separated in three classes: > 5.0 cmol, dm™3; 5.1—
15.0 cmol, dm3; and > 15.1 cmol, dm3. The K status
in each class is classified in Very Low (VL), Low (L),
Adequate (A), High (H), and Very High (VH). Each
class has a specific critical level value for adequate K
status in soils. The use of the conversion equation to
calculate the CEC in soils may affect the K
recommendations for the plants in soils for southern
Brazil. Thereby, it was demonstrated that the use of
a conversion factor to calculate CEC and to classify
the K status in soils can be used in these soils
(Figure 4). Figure 4 shows the CEC distribution of
the soils used in this work. Most of the samples are

Table 3. Equations, R? values and 95 % confidence intervals for all nutrient-extractant relationships

developed using intercept regression models

Nutrient Equation® R? Range® 95 % Confidence interval ¥
P P Mi cor. =0.99 P Mi1cp 0.85%* 0.2-40 0.9
K KM em =0.90 K M 1cp 0.97** 10-200 10
Ca Ca KClaa =0.90 Ca M1 1cp 0.89** 0.2-20 0.5
Mg Mg KClaa = 0.90 Mg M 1cp 0.83%* 0.1-10 0.2
Cu Cu HClaa =0.73 Cu M1 1cp 0.97** 0.2-20 2.8
Zn 7Zn HClaa = 0.73 Zn M; 1cp 0.94%* 0.2-20 0.7

@ COL: Colorimetric method; EM: flame emission spectrometry; ICP: inductively coupled plasma optical emission spectrometry;
AA: atomic absorption spectrometry; M;: Mehlich-1; KCl: 1.0 mol L KCl; HCL 0.1 mol L'* HCL.. ®P, K, Cu and Zn — mg dm™ and
Ca and Mg — cmol, dm™.

Table 4. Potassium status in soil from Southern
Brazil! according to CEC 41,0

CECpH 7.0 €cmol. dm?)

Status
>15 5.1-15.0 <5.0
mg dm?*
Very Low < 30 <20 <15
Low 31— 60 21 —40 16-30
Adequate 61— 90 41 -60 31-45
High 91-180 61-120 45-90
Very High > 180 >120 >90

(' SBCS/NRS (2004).

classified on CEC higher than 5.1 cmol, dm3, since
that is the common CEC found in agricultural soils
for southern Brazil. In almost 80 % of the soils, the
K status is classified “High” or “Very High”. In this
case, the K amount, amended by fertilizer, is listed
according to the plant requirements (maintenance).
The differences between the K status in soils,
estimated by the current soil test methods and by the
use of a conversion factor, did not show statistical
differences in each of the CEC classes. For this reason,
the conversion factor for estimating K status in soils
when using ICP is possible in soils for southern Brazil.
However, in soils with CEC lower than 5.0 cmol, dm,
the error can be considerable, because the higher
differences were observed in soils classified by “Very
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Low” and “Low”. The use of the conversion factor
underestimated the K amounts in soils classified with
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“Very Low” and overestimated the K amounts in soils
classified by “Low”. On the other hand, the soils with

Figure 4. Frequency histogram of the samples used in this work; (a) CEC classes; (b) K status in soil including
all CEC classes; (c) K status in soil CEC < 5.0 cmol, dm?; (d) K status in soil CEC 5.1-15.0 cmol, dm3; (e)
K status in soil CEC > 15.1 cmol dm™. Freequencies followed by the same letters in each class do not
differ statically by paired t-test (p < 0.05).
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lower CEC represent less than 3 % of the soils used in
this work, representing soils with high sandy content,
commonly used in Southern Brazil for tobacco and
vegetable production. In these production systems,
the K recommendations are based on the plant
requirements and K status in soils is not considered
in the K recommendation scheme.

CONCLUSIONS

The results indicate that the simultaneous
multielement extraction and determination of
available P, K, Ca, Mg, Cu and Zn in soil can be
evaluated with Mehlich-1 solution and inductively
coupled plasma optical emission spectroscopy in
southern Brazilian soils. However, it is necessary to
use a conversion factor for the availability index. The
use of the conversion factor to determine K availability
index in soils is adequate and does not affect the K
recommendations for the plants. The use of Mehlich-1
combined with ICP increase the soil testing laboratory
efficiency and decreases cost and labor being a viable
alternative to be used by laboratories.
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