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Abstract. A four-step sequential extraction procedure (SEP) was used to assess the distribution of W fractionation 
in the topsoil (0–20 cm) of the soil above the oxidation zone of the W deposit. Data on the extraction of W and other 
elements were obtained using LA-ICP-MS and SEM-EDX analyses of the dried, sieved and finely grinded original 
soil and residual samples after each step of the procedure. When processing LA-ICP-MS data, the SiO2 content of the 
original soil was used as an internal standard for all samples in the sequential extraction procedure. It was found that 
of the approximately 90 ppm of total W content in the soil, about 25% is associated with organic matter, 40% with 
amorphous hydrous Fe oxides (ferrihydrite), 25% with crystalline hydrous Fe oxides (goethite), and about 10% with 
residual material (scheelite, silicates). 
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Introduction

Nowadays, tungsten (W) is not only a critical raw 
material with a wide range of applications, but also 
an object of intense scrutiny for its impact on the 
environment, one of the most important elements of 
which is soil (Bolan et al., 2023). The sources of 
W in soils, its content, distribution, bioavailability, 
toxicity, mobility and migration are key research 
topics, especially for areas with current or past min-
ing and metallurgical activities. A common feature 
of the soils in these areas is a tendency for the con-
centration of W to increase in the surface soil layer 
(topsoil) caused by surface and airborne transport 

of W-containing dust particles from mines or smelt-
ers (Zheng et al., 2020; Du et al., 2022). Getting 
into the soil, W-containing particles (W-minerals, 
W-metal) interact with aqueous solutions of the 
soil, resulting in the fractionation of W into vari-
ous forms – from soluble species to solid carriers 
of W (aqueous oxides of Fe and Al, organic matter 
and others). Information on the distribution and spe-
ciation of W in soil is necessary to assess the mo-
bility, bioavailability, and possible transport of W. 
For identification and semi-quantitative assessment 
of these forms of W, various sequential extraction 
procedure (SEP) schemes are used by different au-
thors (Li et al., 2019; Hobson et al., 2020; Du et al., 
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2022). The two most used SEP schemes for various 
elements are those of Tessier et al. (1979) and Wen-
zel et al. (2001), with the second scheme as assessed 
by Li et al. (2019) being more suitable for W.

Our recent study of soils in the area of the Grantch-
aritsa scheelite-pyrite deposit (Tarassov et al., 2021) 
revealed a pronounced trend of increasing W content 
in the topsoil of the alluvial soil covering the oxida-
tion zone of the deposit. Since there is currently no 
mining or geological exploration on the deposit that 
could cause airborne transport of W-bearing par-
ticles, it is assumed that the behavior of W here is 
mainly determined by natural processes. In present 
work, we study the distribution of W fractionation 
in a selected topsoil sample from the Grantcharitsa 
deposit using a combined 4-step sequential extrac-
tion procedure based on the Wenzel et al. (2001) and 
Mossop et al. (2003) SEP schemes and specifically 
targeted for soils above oxidation zones.

Experimental
Sequential extraction procedure. We previously es-
tablished (Tarassov et al., 2021) that the W content in 
alluvial soils is strongly correlated with the content 
of C and Fe, but is not associated with the presence 
of sporadic grains of scheelite, W-bearing crystalline 
goethite, hematite and rutile visualized and identified 
in SEM-EDX. It was assumed that distribution of W 
in the soil is controlled by the organic matter and the 
Fe oxide/hydroxide compounds (ferrihydrite) formed 
in the soils. This means that the two most used SEP 
schemes of Wenzel et al. (SEP-W) and Tessier et al. 
(SEP-T) are generally unsuitable for the studied soils. 
The SEP-W scheme does not have an extraction step 
for organic matter, but includes two steps of sequen-
tial extraction of two reducible fractions (1)  amor-

phous hydrous Fe and Al oxide (ferrihydrite) and 
(2)  crystalline hydrous Fe and Al oxide (goethite), 
which are not present in the SEP-T scheme. The two 
steps of the SEP-W for amorphous and crystalline 
Fe/Al hydrous oxides extraction are included in our 
SEP scheme (Table 1, steps 2 and 3). 

The SEP-T scheme includes two first steps 
aimed at extracting the water-soluble/exchangeable 
fraction (step 1) and the carbonate fraction (step 2). 
In our SEP scheme (Table 1, step 1) these two frac-
tions are combined into step  1 as is proposed in 
the BCR (Community Bureau of Reference) SEP 
scheme of Mossop et al. (2003). The final step in 
the SEP of Mossop et al. (2003) targeting an oxidiz-
able fraction with nominal target phases – organic 
matter and sulfides is also used in our SEP scheme 
(Table 1, step 4). 

Analytical approach: analysis of solid residuals. 
Unlike traditional approaches, in which the amount 
of extracted target elements is determined by analyz-
ing aqueous solutions of extractants, this work uses 
the opposite approach, namely, the analysis of solid 
residual material after each step of SEP. From the 
data presented in Tessier et al. (1979) follows that 
silica behaves inertly at all stages of SEP, and meas-
ured losses are calculated at 0.8–1.3% of 100% of the 
initial silica content. This allows us to use the con-
centration of SiO2 in the original soil sample as an 
internal standard when analyzing residual materials 
after each SEP step. The amount of extracted W is 
calculated as the difference between the content of 
the element in the solid residues of the previous and 
current steps of the SEP at a constant silica content. 

Sample preparation. Preliminary preparation 
of the studied soil included drying (40 °C), siev-
ing (<1  mm), homogenization and quartering, 
separation of about 20  g, milling and micro mill-

Table 1. Sequential extraction procedure used in the present work

Step Fraction Nominal target phases Procedure Soil-solution 
ratio Reference

1. Exchangeable, 
water and acid 
soluble

soluble species, 
carbonates, cation 
exchange sites

0.11 M acetic acid; 10 h shak-
ing, 20 °C; centrifuged

1:40 Mossop et al., 
2003 

2. Reducible (1) poorly crystalline and 
amorphous hydrous 
oxides of Fe and Al

0.2 M NH4-oxalate buffer 
in the dark (pH = 3.25); 4 h 
shaking; 20 °C

1:25 Wenzel et al., 
2001

3. Reducible (2) well-crystallized 
hydrous oxides of Fe 
and Al

0.2 M NH4-oxalate buffer 
+ 0.1 M ascorbic acid (pH 
= 3.25) in the light; 0.5 h in 
water basin at 96 ±3 °C

1:25 Wenzel et al., 
2001

4. Oxidizable оrganic matter and 
sulfides

1) 30% H2O2 ;1h shaking  
20 °C; 85 °C evaporated –  
2 times
2) 1M NH4-acetate + HNO3 
(pH = 2); 16 h shaking, 25 °C 

2×10 ml

50 ml

Mossop et al., 
2003
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ing (<5 µm). For the present study, 3 g of the latter 
material was taken, which after the homogeniza-
tion was divided into 1 g for analysis as the original 
soil sample and 2  g for the SEP. After each SEP 
step, 0.2  g of the homogenized residual material 
was taken for analysis. A total of 5 samples were 
prepared for analysis using LA-ICP-MS and SEM-
EDX: (1) S0 original, (2) S1 residual 1 (after step 
1), (3) S2 residual 2; (4) S3 residual 3, and (5) S4 
residual 4. All samples were pelleted using a hy-
draulic press (35 bar). To prepare the pellets, 0.1 g 
of each sample was additionally thoroughly grinded 
in an agate mortar for 20 min with 3 drops of alco-
hol. No additives were added to the materials. The 
pellets obtained are shown in Figure 1a. 

LA-ICP-MS and SEM-EDX analyses. Condi-
tions and standards for LA-ICP-MS and SEM-EDX 
analyses of the pellets are the same as described in 
Tarassov et al. (2021). For LA-ICP-MS analysis we 
used maximal laser diameter of 100 µm. A total of 4 
spots, distributed uniformly as apices and center of 
an equilateral triangle, were used for LA-ICP-MS 
analysis of each sample. The final composition of 
each sample is an average of 4 analyses.

Results and discussion 
The obtained results are illustrated in Fig. 1. Mac-
roscopically, the most dramatic changes in the soil 
occur after the 4th step after the removal of organic 

Fig. 1. (a) Pelleted samples (S0-S4) of the SEP on an Al disc (diameter 25.5 mm) before analysis with LA-ICP-MS and SEM-EDX; 
(b–e) change in the content of W (b), U (c), Fe (d) and S (e) after all steps of the applied SEP; (f) partitioning (%) of W, U, Fe and 
S in the studied soil.
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matter (sample S4) – the material changes color 
from brown to light beige (Fig. 1a). The total rela-
tive weight loss after step 4 is about 13.5+1% (cal-
culated from weight (g) difference of S3 and S4), 
which approximately corresponds to 13 wt  % or-
ganics in the original dry soil (taking into account 
the loss of matter during SEP). Combination of this 
result with the data of SEM-EDX and LA-ICP-MS 
analyses gives the following chemical composi-
tion of the original dry soil (in wt %): Na2O – 2.74; 
MgO – 0.67, Al2O3 – 14.62, SiO2 – 59.63, P2O5 – 
0.19, SO3 – 0.19, K2O – 3.02, CaO – 1.76, TiO2 
– 0.35, MnO – 0.09, Fe2O3 – 2.7, organics ~13, 
and W – 87.2+8.7 ppm and U (for comparison) – 
4.26+0.25 ppm. 

Changes in the content of W, U (LA-ICP-MS), 
Fe and S (EDX) during the all steps of the applied 
by us SEP, depicted in Figure 1b–e show negligi-
ble significance of soluble species of W, U and Fe 
in the soil. Moreover, the EDX analyses of S0 and 
S1 do not differ within the statistical uncertainty. 
This well correlates with the low mineralization of 
the ground water there (EC<100 µS/cm). Figure 1f 
shows partitioning of W, U, Fe and S between the 4 
specified groups (Table 1) + 1 (residual 4), derived 
from the data in Figure 1b–e. From these data fol-
lows that of the nearly 90 ppm total W content in 
the soil studied, about 25% is associated with organic 
matter, 40% with amorphous hydrous iron oxides 
(ferrihydrite), 25% with crystalline hydrous iron ox-
ides (goethite), and about 10% with residual material 
(scheelite, silicates). In absolute values, ~33 ppm of 
W is associated with 0.81 wt % of Fe2O3 of amor-
phous phase (ferrihydrite), ~22 ppm with 13 wt % of 
organics, and ~22 ppm with 0.57 wt % of Fe2O3 of 
crystalline phase (goethite). The results obtained are 
in good agreement with the conclusions of our previ-
ous work (Tarassov et al., 2021) on the crucial role 
of organic matter and amorphous iron oxides in the 
distribution of W in the studied soils. Crystalline W-
containing goethite found is typical for the oxidation 
zone of the deposit (Tarassov, Tarassova, 2018) and 
is present in the soil in the form of a mechanically 
transported substance. The distribution of U shows 
its predominant association with amorphous hydrous 
iron oxide (>55%). About 60% of sulfur is associated 
with sulfides and organic material. 

Conclusion 
Although it is known (Tessier et al., 1979) that 
SEPs are rather semi-quantitative estimates of the 
distribution of elements between different fractions 
in soils and sediments, the SEPs we use, specifical-
ly targeting soils above the oxidation zones, for the 
case of the Grantcharitsa W deposit give very plau-
sible results. The implementation of the proposed 

SEP through the analysis of solid residues after each 
stage of SEP, rather than solutions, has a serious ad-
vantage – materials after SEP can be stored in non-
special conditions for an unlimited time.
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