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Abstract. Sulfate sorption by the soil affects the rate of sulfate leaching, which impacts on the availability of soil
sulfate for plant uptake. In Australia, plant-available sulfur is measured using 0.25 M KCl heated for 3 h at 408C to
extract soil sulfur (SKCl40). This paper describes a technique referred to as a sulfate buffering index (SBI), which
provides a measurement of sulfate sorption. SBI when combined with the estimates of the q and b parameters of the
Freundlich equation, can be used to define a sorption curve. The equation is S = acb – q; where S is the amount of sulfate
adsorbed (mg S kg–1), c is the equilibrium concentration of sulfate measured in solution (mg S L–1) and a, b and q are
coefficients that describe the soil sulfate sorption curve. Coefficients S and c were measured using six sulfate solution
concentrations ranging from 0 to 250 mg S kg–1. The adsorption curve was fitted using the modified Freundlich equation
including setting of b = 0.41 and q = SKCl40 using recently collected soil samples. The modified Freundlich a coefficient
or SBI was calculated as SBI = (S + SKCl40)/c

0.41; where S and c were determined using 50 mg S kg–1 of added sulfate.
The SBI ranged within 1–40. The SKCl40 was related to SBI below a depth of 10 cm (r2 = 0.71) but not for the 0–10 cm
soil layer where S sorption was minimal.
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Introduction

Sulfur deficiency in wheat (Triticum aestivum L.) and canola
(Brassica napus L.) occurs when sulfate fertilisers are not
applied to soils low in natural sulfur reserves (Anderson
et al. 2006; Brennan and Bolland 2006). Sulfate is readily
soluble in soil solution and subject to loss by leaching (Till
2010) in soils with low sorption capacities. This is less of a
problem in soils with high anion exchange capacities, which
occurs in acidic subsoils. These soils are expected to have lower
rates of nitrate and sulfate leaching (Wong and Wittwer 2009).
In many soils, sulfate leaching during the growing season
reduces the ability of soil test methods to accurately predict
wheat and canola grain yield response to applied sulfate
fertiliser (Anderson et al. 2013).

Water movement through the soil profile in south Western
Australia (SWA) is highest near the coast and lowest inland, in
line with the decreasing gradient of annual rainfall (Asseng
et al. 2001). Similarly, the low sulfate sorption capacity
combined with intense rainfall after sowing of crops can
result in the rapid displacement of sulfate from the 0–20 cm
soil layer, leading to a sulfur deficiency in wheat (Anderson
et al. 2006). Sulfate sorption reduces the rate of sulfate
leaching and is dependent on the shape of the sulfate
adsorption curve (Bolan et al. 1986). Subsoils typically have
higher sulfate sorption capacities and thus can retain surface-
applied sulfate (Chen et al. 1999; Anderson et al. 2006). Subsoil

sulfate can be an important source for lupin (Lupinus
angustifolius) growth (Anderson et al. 2006).

Measurement of sulfate sorption capacity of soils is
described by Blair et al. (1997, hereafter ‘Blair method’).
However, the Blair method requires the use of two extracting
solutions, a long extraction time of 48 h, the use of chloroform
and the monitoring of the solution pH. Sulfate sorption capacity
is not measured routinely in SWA because the Blair method is
impractical for use by commercial soil testing laboratories. In
contrast, phosphorus (P) sorption has been widely studied for
the 0–10 cm soil layer in SWA (Barrow 1983, 2000, 2008;
Bolland and Allen 2003). Several simple single-point
measurements of P sorption are available at commercial soil
testing laboratories (Barrow 2000; Allen et al. 2001; Burkitt
et al. 2002). Both P and sulfate sorption can be described by
the Freundlich equation (Bolan et al. 1986; Barrow 2000).
Therefore, it is reasonable to suggest that a single-point
sulfate sorption method could be developed for the soil
profile, using similar approaches to that used for P sorption.

A single-point estimate of the phosphate buffering index
(PBI) can be obtained using the modified Freundlich equation
(Barrow 2000). The Freundlich equation is written as

S ¼ acb � q ð1Þ
where S is measured sorption, c is the equilibrium solution
concentration, a is the amount adsorbed when c = 1, b is the
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affinity of the soil for P sorption and q is the amount of P in the
soil before additions. Coefficient a is calculated as follows:
a = (S + q)/cb. When the Freundlich equation is applied in P
sorption studies, coefficients b and q are correlated (Barrow
1978). Thus, changes in the value of one coefficient result in
changes in the value of the other. Coefficient b is accurately
defined for values of 0.2–0.5 (Barrow 2000; Peltovuori 2007).
Fixing b to 0.41 and q to Colwell extractable P (Colwell P;
Colwell 1963), results in the calculated a (termed the PBI) that
is well correlated with the P buffer capacity measured by the
procedure of Ozanne and Shaw (1968) (Burkitt et al. 2002).
The PBI is calculated as follows: PBI = (PS + Colwell P)/c0.41

where PS is measured P sorption and c is the equilibrium
solution P concentration (Burkitt et al. 2002).

In the case of P, Colwell P is used as the q coefficient
(Barrow 2000; Burkitt et al. 2002). If this approach is
applicable to sulfate, an equivalent estimate of q is required
using a sulfate extraction technique. In Australia, the SKCl40
soil test is commonly used, which estimates plant-available
sulfur from the soil by defining a soil test–pasture or crop
response relationship (Blair et al. 1991; Anderson et al. 2013).
Alternative sulfur soil test extractants include 0.01 M calcium
chloride (SCaCl2) and 0.01 M calcium monophosphate (SMCP)
with sulfur concentration measured using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (Santoso
et al. 1995). The extractants SCaCl2 and SKCl40 only extract
soil solution sulfate and sulfate adsorbed in the diffuse double
layer (Blair et al. 1991; Watkinson and Kear 1996; Till 2010).
In contrast, P solutions such as SMCP extract soil solution
sulfate, sulfate adsorbed in the diffuse double layer and sulfate
adsorbed on specific sorption sites (Probert 1976; Watkinson
and Kear 1996). The difference between soil sulfur pools
extraction methods could affect the ability of the soil test
method to define q.

Historically, sulfate was a problematic nutrient to measure
in laboratories because the presence of dissolved organic
matter in the extracting solution interfered when using the
turbidimetric method (Anderson et al. 1992). With the
development of new laboratory equipment, specifically ICP-
AES and high performance liquid chromatography (HPLC),
significantly improved the ability of laboratories to measure
sulfur in soil extractant (Blair et al. 1991; Watkinson and Kear
1994). The advantage of ICP-AES over HPLC is that it
measures the amount of dissolved organic sulfur in the soil
extractant, which is essential when assessing the ability of the
extractant to measure plant-available sulfur (Blair et al. 1991).
Also, ICP-AES can measure sulfur concentration much more
quickly than HPLC, making it much more suitable for
commercial soil testing laboratories. Finally, the cost and
reliability of ICP-AES have greatly improved over time.
Hence, in Australia, ICP-AES is more commonly used to
measure sulfur concentration in soil extracts than HPLC
(Blair et al. 1991; Anderson et al. 2013).

This paper aims to appraise the use of a modified
Freundlich equation to estimate sulfate sorption and develop
a single-point index (SBI) for estimating sulfate adsorption for
soils of SWA.

Materials and methods

Sulfate sorption measurements
Sulfate sorption was determined using two methods. Method 1
uses two sulfate extracting solutions of 0.01 M CaCl2 (Blair
et al. 1997): one with 50 mg S kg–1 added and the other with no
added sulfur. Sulfate sorption is calculated as added sulfate
(50 mg S kg–1) minus SCaCl2 from the soil with added 50 mg S
kg–1 (S50) plus pre-existing sulfate extracted with SCaCl2 or
S = (50 – S50) + SCaCl2. Hence, the method takes into account
the pre-existing sulfate extracted by the 0.01 M CaCl2 solution.

Method 2 determines the sulfate sorption curve using six
incremental amounts of added sulfate: 0–250 mg S kg–1 (Lisle
et al. 1991). Because Lisle et al. (1991) is not a readily
available publication, the method is described as the
following steps.

(1) Measurement of soil pHCaCl2.
(2) Addition of 3 g of air-dried soil to a 50-mL centrifuge tube.
(3) Addition of 0, 3, 6, 9, 12 or 15 mL of 50 mg S L–1 K2SO4

solution (equivalent to 0, 50, 100, 150, 200 and 250 mg S
kg–1) to the centrifuge tubes.

(4) Addition of 15, 12, 9, 6, 3 or 0 mL of 0.003 M KCl to the
centrifuge tubes to ensure the potassium concentration is
balanced among sulfate concentrations.

(5) Addition of 15 mL of 0.02 M CaCl2 to the centrifuge
tubes followed by adding two drops of chloroform. The
final concentration of the extracting solution is 0.01 M
CaCl2.

(6) The solution soil mixture is tumbled for 48 h at 258C; pH is
measured at 6, 24 and 30 h and, if necessary, adjusted to
the original soil pHCaCl2 using varying amounts of 0.01 M
HCl or NaOH depending on the soil’s pH buffering
capacity, which is related to the carbon content (Wong
et al. 2013).

(7) Tubes are centrifuged at 2670 g for 5 min and then filtered
using Whatman no. 42 filter paper.

(8) Sulfate concentration in the supernatant is measured using
HPLC (Watkinson and Kear 1994).

(9) Calculated sulfate adsorption (Sc mg S kg–1) is the amount
of sulfate added minus sulfate extracted by SCaCl2. The
subscript c represents the amount of added sulfate which is
0, 50, 100, 150, 200 or 250 mg S kg–1. The data are plotted
with the sulfate concentration in the final extract solution
on the x-axis (mg S L–1) vs adsorbed sulfate on the y-axis
(mg S kg–1).

Soil samples for method development
Sulfate sorption was measured by methods 1 and 2 using soil
profile samples from eight sites in SWA (Table 1). The sites
were from the low rainfall zone, 325–450 mm (Mullewa – Site
1, 450 km north of Perth; Latham – Site 2, 310 km north-east of
Perth; Ballidu – Site 3, 220 km north-east of Perth; and
Kalannie – Site 4, 250 km north-east of Perth), and in the
high rainfall zone, 450–800 mm (Williams – Site 5, 160 km
south-east of Perth; Arthur River – Site 6, 200 km south-east of
Perth; Narrogin – Site 7, 200 km south-east of Perth; and
Moora – Site 8, 170 km north of Perth). The soils at sites 1–4
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were described as Tenosols and at sites 5–8 as Chromosols
(Isbell and National Committee on Soil and Terrain 2016).

Soil samples were collected to a depth of 90 cm for the
Tenosol sites and to a depth of 50 cm for the Chromosol sites in
June. Samples were from four random locations of the edge or
border plots of sulfate fertiliser experiments after seeding. The
border plots were chosen to avoid sampling areas which had
received sulfate fertiliser. After collection, soil samples were
placed in a glasshouse and allowed to air dry and then sieved
through a 2-mm sieve. Stone material greater than 2 mm was
classified as gravel. The sieved soil samples were then stored
in a cold room until the completion of the measurements.

The soil samples were grouped into samples collected
from depth 0–10 cm, and samples collected below 10 cm.
The 0–10 cm soil samples were not used as it was not
possible to define a sulfate sorption curve and calculate SBI
for these samples. In the rest of the paper, I refer to the samples
used in the development of the SBI as the development
samples >10 cm.

Soil properties measured on the deep soil profile samples
were particle size (Day 1965), Colwell P (Colwell 1963),
organic carbon (Walkley and Black 1934), pH (0.01 M
CaCl2, pHCaCl2) and ammonium oxalate extractable iron
(Rayment and Higginson 2010). Soil sulfate was extracted
using four methods to evaluate which one best estimated the
Freundlich coefficient q:

(1) 0.01 M CaCl2 as the extracting solution (SCaCl2; Lisle et al.
1991);

(2) 0.25 MKCl heated for 3 h at 408C as the extracting solution
(SKCl40; Blair et al. 1991);

(3) 0.01 M Ca(H2PO4)2 as the extracting solution (SMCP;
Watkinson and Kear 1994); and

(4) An acid digest to measure total extractable sulfur (total S;
Till et al. 1984).

Sulfate concentrations in the SCaCl2 and the SMCP extraction
methods were measured using HPLC (Watkinson and Kear
1994); sulfur concentration in the SKCl40 and total sulfur
methods were measured using ICP-AES (Blair et al. 1991)
due to changing availability of laboratory equipment.

Soil samples for method evaluation

Sulfate sorption was measured using method 2 (Lisle et al.
1991) but using a single addition of sulfate (50 mg kg–1) rather
than a range of sulfate additions used in method 2 to derive S
and c coefficients.

For the evaluation of soil samples, ICP-AES was used
(Blair et al. 1991) instead of HPLC (Watkinson and Kear
1994). This is in line with the original method used by Lisle
et al. (1991), where solution sulfate concentration was
measured using an ICP-AES. A small experiment I
conducted showed that chloroform and shaking time did not
affect the SBI when ICP-AES is used to measure the sulfate
concentration. Hence, I modified the method used on the
development soil samples to decrease the extracting time to
16 h without the addition of chloroform, with solution
concentration measured using an ICP-AES. The modified
method is more practical for commercial soil testing
laboratories. The advantage of this approach is that it
overcomes the problem of measuring sulfate sorption on
0–10 cm samples observed when measuring 0–10 cm
samples treated with chloroform using HPLC. Chloroform
is added to solutions which have a long extraction time to
prevent immobilisation of nutrients by microbial activity.
However, addition of chloroform to soil extracting solutions
can result in the breakdown of microbial biomass and so
release microbial P (Burkitt et al. 2002).

The ability of the SBI approach in assessing sulfate sorption
was then examined by conducting SBI measurements on two
sets of soils. One set consisted of samples from the 0–10 cm
soil layer, referred to as the ‘evaluation 0–10 cm’. The other set
were soil profile layers samples collected in 10 cm increments
to a depth of 50 cm, referred to as the ‘evaluation 0–50 cm’.
These soils were independent of the samples used to develop
the SBI method.

Set 1 of the evaluation soil samples consisted of 82 samples
collected from the 0–10 cm soil layer, selected from among the

Table 1. Gravel content (%), soil clay content (%), soil pHCaCl2,
organic sulfur (mg S kg–1) in each soil layer and sulfate sorption

measured by the Blair method in the 0–10 cm soil layer.
na, not available; bs, below sampling depth

Depth Tenosols Chromosols
(cm) Site 1 Site 2 Site 3A Site 4 Site 5 Site 6 Site 7 Site 8

Gravel content (%)
0–10 0 0 0 0 40 60 46 32
10–20 0 0 0 0 48 68 60 55
20–30 0 0 0 0 33 73 52 72
30–40 0 0 0 0 35 73 52 74
40–50 0 0 0 0 40 73 48 78
50–70 0 0 0 0 bs 63 bs bs
70–90 0 0 0 0 bs bs bs bs

Clay content (%)
0–10 1 3 2 6 1 1 2 4
10–20 3 11 12 12 3 1 14 4
20–30 1 10 13 14 10 3 10 8
30–40 2 8 13 16 21 3 14 9
40–50 4 10 13 14 35 10 23 13
50–70 8 11 12 18 bs 14 bs bs
70–90 11 10 12 19 bs bs bs bs

Soil pHCaCl2

0–10 5.5 5.4 6.2 4.6 5.2 4.8 5 4.4
10–20 5.2 5.1 5.2 4.2 5.3 4.9 5.2 5.3
20–30 5.4 4.6 5.5 4.2 5.4 5.2 5.5 5.5
30–40 5.6 5.3 6.3 4.2 5.4 5.5 5.6 5.6
40–50 5.9 5.5 6.3 4.1 5.5 5.6 5.9 4.6
50–70 5.6 5.6 6.6 4.1 bs 5.7 bs bs
70–90 5.6 5.3 6.6 4.2 bs bs bs bs

Organic sulfur (mg S kg–1)
0–10 54 80 70 84 674 119 269 186
10–20 33 52 55 62 184 29 89 116
20–30 23 45 36 48 78 13 60 106
30–40 19 45 33 46 100 23 47 96
40–50 25 39 33 36 122 42 57 80
50–70 91 30 34 27 bs 77 bs bs
70–90 na 56 56 8 bs bs bs bs

Blair method sulfate sorption (mg S kg–1)
0–10 –13 –1 2 4 20 1 8 –4

A30 cm sampling increment was used at Site 3 for the 20–50 cm soil layer
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173 stored samples used by Walton and Allen (2004). These
samples were chosen because there was sufficient soil to
undertake SBI measurements. After collection, the samples
were air-dried and sieved through a 2-mm sieve and stored at
room temperature. The long-term storage at room temperature,
at least 15 years, may have an impact on the measured soil
property. Hence, SKCl40 and soil pHCaCl2 were re-measured.
These results were then compared to the values measured by
Walton and Allen (2004) to determine the impact of storage
time on the measured values. Long-term storage of the samples
did not affect soil pHCaCl2; however, it did increase SKCl40,
especially for soils with higher SKCl40 content. Hence, the new
SKCl40 measurement was used in the calculation of SBI
because it was considered to be important to use the SKCl40
measured at the same time as measuring S and c.

Set 2 of the evaluation soil samples consisted of soil
profile samples collected in increments of 10 cm to a depth
of 50 cm from two experimental sites located in the eastern
wheatbelt of SWA located near South Burracoppin and Bonnie
Rock. These samples are referred to as the ‘evaluation 0–50 cm
samples’. The experiments examine the effectiveness of lime
and gypsum to treat subsoil aluminium toxicity. Hence,
measurements of the sulfate sorption properties of the soil
profile are important in understanding the rate of sulfate
leaching.

Statistical analysis

Correlations between the various soil sulfate measurements
were determined using regression analysis in GenStat®

version 19.
The Freundlich equation was used to define the sulfate

sorption curve (Eqn 1). The Freundlich equation coefficients
and adjusted r2 values were obtained using the regression
function of SigmaPlot® version 12.5. Initially, I fitted a
single curve to each soil layer. I then pooled the data for
near soil layers when the same curve was defined. I then
fitted a single curve to the combined data. The advantage of
combining the soil layers is that it increases the number of data

points, resulting in a reduction in r2 values required to obtain a
5% significance level (Neave 1978).

Results and discussion

Soil properties

The Tenosol profiles contained no gravel, while gravel
accounted for up to 73% of some soil layers in the
Chromosol profiles (Table 1). The pHCaCl2 of the top 10 cm
of soil ranged within 4.4–6.2. Soil pHCaCl2 below 10 cm was in
the range of 4.6–5.9 in the Chromosols, 4.6–6.6 in the
Tenosols at Sites 1–3 and 4.1–4.2 in Tenosol at Site 4. The
clay content of the top 10 cm of soil was less than 7% in all
samples. Below 10 cm, clay content increased with soil depth
and ranged within 1–11% at Sites 1–3 and 12–19% at Site 4.
The subsoils of Chromosols contained up to 35% clay. Total
organic sulfur content in the 0–10 cm soil layer ranged within
54–84 mg S kg–1 for the Tenosols and 119–674 mg S kg–1 for
the Chromosols. Below 10 cm, organic sulfur content for both
soil types ranged within 13–122 mg S kg–1, except for the
0.1–0.2 m soil layer at Site 5, where it was 184 mg S kg–1.
Colwell P in the 0–10 cm soil layer ranged within 12–39 mg P
kg–1 soil in the Tenosols compared to 31–80 mg P kg–1 for the
Chromosols (data not presented). Ammonium oxalate
extractable iron ranged within 135–828 mg Fe kg–1.
Organic carbon content in the top 10 cm was within
0.4–0.7% in the Tenosols. Chromosols (Sites 6–8) had a
higher organic carbon content of 1.5–1.7%, while Site 5
had the highest organic carbon of 5.7%.

For the development soil samples from greater than 10 cm
depth, SKCl40 was correlated with SCaCl2 (Fig. 1a). In contrast,
SKCl40 was correlated with SMCP for all soil layers (Fig. 1b).
The fitted equation indicates that SKCl40 was less than SMCP

when SKCl40 was greater than 15 mg S kg–1, which occurred in
the soil profile from Site 2 (50–90 cm), Site 4 (10–90 cm) and
Site 5 (10–50 cm).

The soil test methods SCaCl2, SKCl40 and SMCP extract
different soil sulfur pools (Till 2010). All methods extract
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Fig. 1. Relationship (a) between SKCl40 and SCaCl2 for samples below 10 cm (SCaCl2 = 0.42 �
SKCl40, r

2 = 0.67) and (b) between SKCl40 and SMCP for all samples (SMCP = –14.0 + 15.9 � exp
(0.039� SKCl40), r

2 = 0.97 (*) and between SKCl40 and absorbed S for all samples (SMCP = –2.25
+ 1.43 � exp(0.07 � SKCl40), r

2 = 0.95 (*).
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some organic sulfur, with the SKCl40 method extracting more
organic sulfur than SCaCl2 and SMCP due to the heat treatment
(Blair et al. 1991). The higher pH of the CaCl2 and KCl40
solution means that these methods extract organic sulfur than
the MCP solution, which has pH 4.0 (Barrow 1967). The
higher amount of sulfur extracted by SMCP compared to
SKCl40 is due to SMCP extracting sulfate adsorbed in the
diffuse double layer and sulfate adsorbed on specific
sorption sites compared to SKCl40, which extracts sulfur
from only the diffuse double layer (Probert 1976;
Watkinson and Kear 1996).

Soil properties measured on the 0–10 cm soil samples of the
evaluation dataset had a pHCaCl2 range of 4.2–6.9, soil carbon
of 0.3–6.1%, clay content of 0.5–43.0%, phosphorus retention
index (PRI) of –0.5 to 880, SKCl40 of 3.5–38.0 mg S kg–1 and
Colwell P of 5.0–77.0 mg P kg–1. Soil properties measured on
the soil profile soil samples of the evaluation dataset were as
follows. At South Burracoppin, pHCaCl2 was 5.5 in the
0–10 cm soil layer decreasing to 4.2–4.4 in the 20–50 cm
layer. Soil SKCl40 increased with increasing soil depth from
22.1 mg S kg–1 in the 0–10 cm to 61.1 mg S kg–1 in the
40–50 cm soil layer. At Bonnie Rock, soil pHCaCl2 was 4.5–4.7
in the 0–50 cm soil layer. Soil SKCl40 increased from 13.6 mg S
kg–1 in the 0–10 cm soil layer to 30.0 mg S kg–1 in the
40–50 cm layer.

Soil samples with clay < 6% (Table 1) had low sulfate
sorption measured using the Blair method (Table 2). These soil
samples included the 0–10 cm soil layer for all sites, with
sulfate sorption ranging between –20 and 8 mg S kg–1. Also,
for the Tenosol profile at Site 1 and the Chromosols at Sites 6

and 8, for soil layers 10–50, 10–40 and 10–20 cm respectively,
the Blair method sulfate sorption ranged within 0–7 mg S g–1

(data not presented).
There was a trend of soil samples with clay > 6%

(Table 1) having sulfate sorption measured using the Blair
method of >7 mg S g–1 (Table 2). This was illustrated for
the Tenosol at Site 1 and Chromosols at Sites 5, 6 and 8, with
the highest sulfate sorption (18–22 mg S kg–1) for the deepest
sampling layer or the soil layers with the highest clay content
(10–35%). However, sulfate sorption was variable between the
soil layers at Site 3 of 7–24 mg S kg–1. These differences in
sulfate sorption could not be explained by the variation in clay
content or pHCaCl2. Hence, although there were some trends of
higher sulfate sorption measured by the Blair method with
higher clay content, the relationship between these two
measurements was poor (i.e. sulfate sorption = 1.00 � clay
(%), r2 = 0.32).

SBI development

The development of the SBI required selection of a soil
extraction technique to define q, the definition of b and
selection of the amount of sulfate required to be added to
the solution to measure S and c.

Fixing q to be equal to a sulfur extraction technique
changed the a and b coefficients (Fig. 2). The calculated a
and b when q was fixed to be equal to SKCl40 and SMCP, and the
associated regression coefficients, are presented in
Table 2. Setting q = SKCl40 resulted in a ranging within
1–40 and b within 0.19–1.12, with an average of 0.55 and a

Table 2. Values of the modified Freundlich equation a and b coefficients derived when the q coefficient was fixed to be equal to SKCl40 and SMCP

SBI or Freundlich equation a calculated sulfate sorption (mg S kg–1) and sulfate in the solution (mg S L–1) when the amount of added sulfate was 50 mg S kg–1

and q = SKCl40 and b = 0.41. Sulfate sorption measured according to the Blair method for soil layers below 10 cm

SMCP SKCl40 SKCl40 and b = 0.41 Blair
method S
sorption

Site Depth
(cm)

No. of
obs.

q a b r2 q a b r2 S sorption
(mg kg–1)

S conc.
(mg L–1)

SBI r2

Site 1 50–90 17 1.7 12 0.58 0.90 2.2 13 0.57 0.90 19.0 3.1 19 0.90 19
Site 2 10–30 16 8.1 5 0.54 0.68 8.0 5 0.54 0.68 3.0 4.7 7 0.66 10

30–50 23 9.6 9 0.45 0.64 11.8 11 0.41 0.65 5.6 4.3 11 0.65 18
50–90 23 46.1 30 0.24 0.63 31.2 16 0.35 0.62 –2.7 5.3 14 0.60 14

Site 3 10–20 12 4.8 1 1.11 0.85 4.6 1 1.12 0.85 –1.3 5.1 8 0.64 1
20–50 22 7.2 24 0.47 0.42 6.9 25 0.47 0.43 21.2 2.9 24 0.41 25
50–70 12 8.7 2 0.83 0.83 12.5 5 0.55 0.76 –4.2 5.4 7 0.74 1
70–90 12 14.6 13 0.40 0.88 7.8 6 0.59 0.92 4.7 4.5 10 0.88 7

Site 4 10–20 11 28.5 20 0.51 0.33 15.4 40 0.19 0.59 24.0 2.6 24 0.54 20
20–50 36 47.2 37 0.29 0.37 32.3 27 0.36 0.39 5.2 4.5 22 0.40 16
50–90 24 180.9 143 0.09 0.83 64.8 30 0.28 0.84 –9.9 4.3 21 0.69 11

Site 5 10–30 19 13.1 1 1.28 0.87 17.2 2 1.08 0.86 6.9 2.6 10 0.75 15
30–50 24 31 22 0.46 0.61 34.3 25 0.44 0.61 3.8 5.9 14 0.68 19

Site 6 50–70 10 2.9 6 0.55 0.69 4.9 8 0.51 0.71 7.3 4.3 27 0.61 22
Site 7 10–20 10 2.9 6 0.55 0.69 4.9 8 0.51 0.71 10.9 3.9 10 0.69 18

20–30 11 1.1 2 0.78 0.76 4 3 0.60 0.79 6.8 4.3 5 0.76 13
30–50 20 5 2 0.74 0.75 5.5 2 0.71 0.75 2.6 4.7 5 0.67 10

Site 8 10–40 33 5.4 2 0.72 0.27 4.5 1 0.78 0.26 –1.6 5.2 3 0.21 6
40–50 16 12.3 12 0.38 0.82 12.1 12 0.38 0.82 11.9 3.8 11 0.81 18

Average 22.7 18 0.58 0.67 15.0 13 0.55 0.69 6.0 4.3 13 0.65 14
Medium 8.7 9 0.54 0.69 8.0 8 0.51 0.71 5.2 4.3 11 0.67 15
Minimum 1.1 1 0.09 0.27 2.2 1 0.19 0.26 –9.9 2.6 3 0.21 1
Maximum 180.9 143 1.28 0.90 64.8 40 1.12 0.92 24.0 5.9 28 0.90 25
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median of 0.51 (Table 2). Setting q = SMCP resulted in a
broader range of a with 1–143, and b with 0.09–1.28, an
average of 0.58 and a median of 0.54. Hence, the SKCl40
method resulted in a narrow range of the modified
Freundlich a and b coefficients compared to the SMCP

method. Also, when q was set equal to SKCl40, this resulted
in a higher regression coefficient for the relationship
between the modified Freundlich a and b coefficients
compared to the SMCP method (Fig. 2; r2 = 0.79 for SKCl40
compared to 0.68 for SMCP). The SKCl40 method thus provided
a better estimate of q than the SMCP. This is because SKCl40
measures a fraction of the soil’s inorganic sulfate from the
solution and absorbed in the diffuse double layer (Watkinson
and Kear 1996; Till 2010); in contrast, SMCP extracts all of the
soil’s inorganic sulfate, including sulfate, adsorbed on the
specific sorption sites (Watkinson and Kear 1996; Till
2010). The higher SMCP compared to SKCl40 measured at
Site 4 for the soil layer 50–90 cm was shown by fixing q to
SMCP resulting in a higher a and lower b than when SKCl40 was
used to define q (Table 2). Hence, SKCl40 was used to
determine q in subsequent analyses.
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In P sorption studies, the reliable definition of b occurs for
values of 0.20–0.50 (Barrow 2000). Subsequently, in the
development of the PBI, b was fixed to a value of 0.41
(Burkitt et al. 2002). In a sulfate sorption study, b ranged
within 0.11–0.24 for a small group of five soils (Gustafsson
et al. 2015). Soils have a measured anion exchange capacity
(Wong and Wittwer 2009). Sulfate and P sorption by soils is
intimately linked (Barrow and Debnath 2015). Hence, I tested
if setting b in the Freundlich equation to 0.41 could define the
sulfate sorption curve (Figs 3 and 4). Using this approach, SBI
described a similar range (3–28) in sulfate sorption to the range
(1–25) measured by the Blair method of sulfate sorption
(Table 2).

The modified Freundlich equation is then given by Eqn 2,
and a or SBI is calculated using Eqn 3:

S ¼ ðSBIc � c0:41Þ�SKCl40 ð2Þ
SBIc ¼ ðS þ SKCl40Þ=c0:41 ð3Þ

where SBIc, subscript c represents the amount of added sulfate
(i.e. 0, 50, 100, 150, 200 or 250 mg S kg–1), can be calculated
using different combinations of S and c obtained from the five
added amounts of sulfate.

The sulfate sorption curves defined using the modified
Freundlich equations that used SKCl40 to determine q and b
set to equal 0.41 are shown for Tenosols (Fig. 3) and
Chromosols (Fig. 4). Duplicate measurements are presented
for each soil depth and sulfate concentration, with little
variability between the duplicate measurements for most site
and layer combinations. However, there were notable
exceptions, with high variability at Site 2 for the 20–30 cm
soil layer (Fig. 3d) and at Site 3 for 20–30 and 30–50 cm
(Fig. 3h). High variability reduced the capacity to fit the
modified Freundlich equations accurately.

Negligible sulfate sorption occurred at Site 1 to a depth of
50 cm (Fig. 3a) and Site 6 to 30 cm (Fig. 4c). No attempt
was made to fit modified Freundlich equations for these non-
adsorbing soil layers. It is also notable that sulfate desorption
occurred at low concentrations of added sulfate in the Site 4
soil below 50 cm, and large amounts of added sulfate were
needed to induce sulfate sorption (Fig. 3l).

The following sites and soil layers resulted in the fitting of a
single curve. At Site 1, for 50–70 and 70–90 cm soil layers
(Fig. 3c). At Site 2, for 10–20 and 20–30 (Fig. 3d), 30–40 and
40–50 (Fig. 3e), and 50–70 and 70–90 cm soil layers (Fig. 3f).
At Site 3, for 20–30 and 30–40 cm soil layers (Fig. 3h). At Site
4 for 20–30, 30–40 and 40–50 (Fig. 3k) and 50–70 and
50–90 cm soil layers (Fig. 3l). At Site 5, for 10–20 and
20–30 (Fig. 4a) and 30–40 and 30–50 cm soil layers
(Fig. 4b). At Site 7, for 30–40 and 30–50 cm soil layers
(Fig. 4f). At Site 8, for 10–20, 20–30 and 30–40 cm soil
layers (Fig. 4h).

The fitted modified Freundlich equations regression
coefficients values typically exceeded the 5% significance
level defined by Neave (1978). Exceptions to this rule
occurred at Site 2 for the 50–90 cm soil layer, r2 = 0.41,
n = 23 (Fig. 3f); Site 3 for 20–50 cm, r2 = 0.42, n = 22
(Fig. 3h); and Site 4 for 10–20 cm, r2 = 0.35, n = 11
(Fig. 3j, Table 2).

Calibration of SBI was done at the individual and grouped
depths because some layers of a soil profile resulted in
different calculated SBI. For example, at Site 1 for the
50–90 cm soil layer, Site 3 for 20–50 cm and Site 6 for
50–70 cm had higher SBI values than the other soil layers,
indicating that these soil layers had a higher capacity to adsorb
sulfate than other soil layers within the soil profile (Table 2). In
other cases, the calculated SBI values were similar, but the
shapes of the curves differed due to differences in SKCl40 or the
defined q; for example, for Site 4 for sample depths 10–20,
20–30 and 50–90 cm (Fig. 3j–l).

For the single-point measurement, the S and c of the
modified Freundlich equations can be measured using 50,
100, 150, 200 or 250 (mg S kg–1) of added sulfate. Figure 5
compares the a derived from the fitted curve using the modified
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Freundlich equation with b = 0.41 and q = SKCl40 (x-axis) vs
the SBI calculated using each single concentration of added
sulfate (y-axis). Adding 250 mg S kg–1 was a poor predictor of
SBI compared with a fitted from the sorption curve, as
indicated by the low r2 value of 0.60 (Fig. 5e). In contrast,
using 50, 100, 150 or 200 mg S kg–1 of added sulfate, all
produced higher r2 ranging within 0.72–0.85. Both 100 and
200 mg S kg–1 of added sulfate resulted in a lower r2

(0.70–0.73) than using 50 mg S kg–1 (0.80). Hence, I
selected 50 mg S kg–1 of added sulfate for measuring S and
c to calculate SBI (Eqn 4), with Eqn 5 used to calculate the
sulfate sorption curve.

SBI ¼ ðS þ SKCl40Þ=c0:41 ð4Þ

S ¼ ðSBI� c0:41Þ� SKCl40 ð5Þ
SBI evaluation

The previous sections illustrated that SKCl40 was the best extract
to estimate q, and addition of 50 mg S kg–1 provided the best

concentration by single-point sulfur adsorption method to
calculate SBI. Because shaking time and addition of
chloroform did not affect SBI when sulfur concentration in
the 0.01 M CaCl2 solution was measured using ICP-AES, SBI
was measured using a shaking time of 16 h without adding
chloroform and with 50 mg S kg–1 of sulfate added to derive S
and c. The SBI was then calculated using Eqn 4.

Plotting SBI vs sulfate sorption measured by Blair method
illustrates that the data is divided into two groups (Fig. 6).
Group 1 included measures where SBI � sulfate sorption
measured by Blair method, consisting of Tenosols Site 1
and 2 for soil layer 50–90 cm, Site 3 for soil layer
20–50 cm and Site 4 for all soil layers and one Chromosol
(Site 6, layer 50–70 cm). In contrast, group 2 included
measurements where SBI < sulfate sorption measured by
Blair method, consisting of the other Chromosols plus the
Tenosol Site 2 for depths 20–30 and 30–50 cm. Separating the
soils into these two groups resulted in SBI being correlated
with the Blair method results (Fig. 6). The SBI method takes
into account the effect of the concentration of the extracting
solution to define a sulfate sorption curve. In contrast, the
Blair method measures sulfate sorption at a single sulfate
concentration. Higher SBI values than that obtained with
the Blair method occurred when the soil had a relatively
high sulfate sorption capacity (group 1). This was observed
for Tenosols with SKCl40 > 15 mg S kg–1 and the soil could
adsorb more sulfate (Fig. 3f and j–l), and for a Chromosol soil
layer 50–70 cm with a high capacity to adsorb sulfate (Fig. 4d).
In contrast, SBI values lower than obtained with the Blair
method occurred when the soil had low SKCl40 content and a
low capacity to adsorb more sulfate (group 2) as presented in
Fig. 3d and e and Fig. 4a–c and e–h. Hence, the Blair method
appears to underestimate sulfate sorption on soils with a high
capacity to adsorb sulfate and overestimate it for soils with a
low ability to adsorb sulfate. This indicates that the SBI
method, which defines the sulfate sorption curve, provides a
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more accurate measurement of sulfate sorption than the Blair
method, which measures a single point on the sorption curve.

The measurements SKCl40 and SBI are measures of sulfate
sorption: SKCl40 being the amount adsorbed before addition and
SBI the amount adsorbed when c = 1 and b = 0.41. Hence,
SKCl40 was correlated with SBI for the development samples
>10 cm and the evaluation 0–50 cm samples (Fig. 7). However,
there were some outliers for the development samples >10 cm.
These include data points with low SKCl40 and relatively high
SBI for the Tenosols at Site 1 with sampling depth of 50–90 cm
(Fig. 3c), Site 3 for 20–50 cm (Fig. 3h) and Site 4 for 10–20 cm
(Fig. 3i). The data point with high SKCl40 and relatively low SBI
(Fig. 7) occurred for the Tenosol at Site 4 for 50–90 cm (Fig. 3l).

The SKCl40 was not correlated with SBI for the evaluation
surface (0–10 cm) soil samples. These samples had relatively
low SBI, consistent with the soil having high pH, soil P and
carbon content, which result in the soil having a low ability to
adsorb sulfate (Johnson and Todd 1983; Barrow and Debnath
2015). However, the increase in soil SKCl40 due to long-term
storage of the samples could have affected the relationship
between SKCl40 and SBI for this set of samples. Furthermore, for
these soil samples, SBI was not correlated with soil properties
including clay, silt, sand, Colwell P, PRI, pHCaCl2 and carbon
content (data not presented).

Sulfate sorption curves

The SBI and Blair methods both use a single-point
measurement of sulfate sorption using an added amount of
sulfate of 50 mg S kg–1. The SBI approach differs from that of
the Blair method in that it can be used to define a sulfate
sorption curve using the modified Freundlich equation. Hence,
the SBI method accounts for the impact of sulfate
concentration on sulfate sorption (Figs 3 and 4). Defining
sulfate sorption over a range of sulfate concentrations is
important because, under conditions that result in sulfate
leaching, the amount of sulfate retained is concentration-
dependent (Selim et al. 2004). Also, the response of sulfate
adsorption to increased sulfate concentrations varies across

soil types as indicated by the large variation in the shape of
the sorption curves (Figs 3 and 4). The shape of the sulfate
sorption curves is critical because the reduction in sulfate
leaching due to sulfate sorption is dependent on the shape
of the adsorption curve (Bolan et al. 1986).

The clay mineralogy influences the shape of the sulfate
sorption curve (Bolan et al. 1986). Soil which contains
allophane-type clays has a higher ability to adsorb sulfate
compared to soils that contain vermiculite-type clays. The
clay mineralogy of soils from SWA is dominated by the
occurrence of kaolinite and iron (haematite, goethite and
magnetite) and aluminium oxides (Wong and Wittwer 2009).
However, the anion exchange capacity of the soil is not
correlated with iron and aluminium oxide content but is
correlated with SKCl40 and SMCP (Wong and Wittwer 2009).

The most significant impact of solution concentration on
the shape of the sulfate sorption curve occurred when the soil
contained adsorbed sulfate or when SMCP was higher than
SKCl40, which occurred at Site 4 for soil layers below 30 cm
(Fig. 3k, l). For these soil layers, the SBI was higher (21–24)
than the sulfate sorption values measured using the Blair
method (11–20 mg S kg–1) (Table 2, Fig. 5). The anion
exchange capacity for 10–30 cm soil layer of this soil
ranged within 0.13–0.44 mmolc kg

–1 (Kalannie geographical
origin in Table 1, Wong and Wittwer 2009). Higher anion
exchange capacity up to 2.47 mmolc kg–1 was observed
for other acidic subsoils and was correlated with the SKCl40
and SMCP content of the soil. The effect of soils with higher
anion exchange capacity was to delay nitrate leaching.
Similarly, delayed leaching of sulfate should occur in
these soils.

Application of the SBI technique

The SKCl40 soil test procedure is correlated with pasture
response to sulfur fertiliser application in low sulfate
leaching environments, i.e. Northern Tablelands and North
West Slope and Plains of New South Wales (Blair et al.
1991). The SKCl40 method extracts mainly sulfate from the
soil solution and a pool of labile organic sulfur which is
mineralised over the growing season. In contrast, in
environments where there is a higher potential for sulfate
leaching, i.e. SWA, the soil solution sulfate can be leached
early in the growing season (Anderson et al. 2006). Hence, the
SKCl40 method tends to have a lower correlation with crop and
pasture response to applied sulfate fertilisers (Anderson et al.
2013; Gourley et al. 2019). Using a deeper sampling depth,
i.e. 0–30 cm, improved the definition of the SKCl40 crop
response relationship (Anderson et al. 2013). Nevertheless,
r2 is still less than 0.48. Hence, there is a need to improve the
ability of the SKCl40 method to predict sulfur fertiliser
requirements for SWA. It is argued the SKCl40 method of
assessing sulfur availability to plants can be improved by
measuring the sulfate sorption capacity of the soil using the
SBI. The SKCl40 and SBI measurements could then be used to
develop modelling routines to make predictions of sulfate
leaching in relation to sulfate leaching rainfall events. For
example, the low SBI values of –4.0 to 2.7, helps explain that
the large grain yield response to applied sulfate fertiliser was
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for depths 0–50 cm (!) and 0–10 cm (~). The regression equation is
SKCl40 = 0.61 � SBI, r2 = 0.71, for soil samples collected below 10 cm.
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due to the high rates of sulfate leaching observed by Anderson
et al. (2006).

Further experimental work should examine the link
between soil solution sulfate concentration, SKCl40 content
and SBI, enabling the development of modelling routines
for sulfate uptake by plants and sulfate leaching. Also, SBI
measurements should be done on a broader range of soil types
to identify soil that has low SBI values, which could be
associated with low sulfate efficiency of utilisation due to
sulfate fertiliser leaching.

Conclusion

A single-point measurement of SBI can be used to define the
sulfate sorption curves of agricultural soils by setting b = 0.41
and q = SKCl40. The c and S coefficients are then determined
using 50 mg S kg–1 of added sulfate. The SBI is then calculated
as SBI = (S + SKCl40 )/c

0.41. The modified Freundlich equation,
S = (SBI� c0.41) – SKCl40 S is then used to calculate the sulfate
sorption curve. The defined sulfate sorption curve can then be
used to model sulfate leaching to improve sulfate fertiliser
advice for growing crops and pastures.
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